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Raw bio-oil is produced by fast pyrolysis of biomass. The high level of oxygen 
content in bio-oil causes negative properties of polymerization over time, high acidity, 
pungent odor and low heating value relative to petroleum fuels. The objective of this 
study was to develop and identify upgrading processes to produce a boiler fuel with 
reduced acid value, reduced polymerization over time and increased higher heating value. 
By one upgrading method, raw bio-oil was upgraded by esterification over acid catalyst 
by batch reaction; a second approach was an in-reactor reaction, produced by injecting 
methanol or 1-butanol with acid catalyst into the pyrolysis vapor stream. An olefination 
reaction method combined with an esterification reaction was also studied. The resulting 
fuel produced from in-reactor esterification fuel was compared in terms of physical and 
chemical properties with esterifed bio-oil produced by the batch method. The olefination 
reaction was examined in terms of higher heating value, acid value, viscosity, and water 
content. The influence of reaction conditions such as reaction time, reaction temperature, 
and catalyst content relative to upgraded bio-oil properties were examined, and optimal 
conditions were identified. Analysis of variance (ANOVA) and empirical analysis was 
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Bio-oil, also known (Bridgwater and Kuester, 1988)as pyrolysis oil, is a dark 
brown free-flowing organic liquid produced from fast pyrolysis of cellulosic biomass. 
Fast pyrolysis is a process that heats biomass at a moderate temperature (350-600 °C) and 
high heating rates (1000 °C/sec) in the absence of oxygen with the removal of generated 
vapors from the heating zone in less than 2 seconds (Bridgwater, 1994, Bridgwater and 
Kuester, 1988, Mohan et al., 2006) to produce the condensable vapors that become bio-
oil. Raw bio-oil demonstrates a number of negative properties, such as high acidity, low 
energy value, relatively high flash point, slow ignition and polymerization over time. For 
these reasons, raw bio-oil must be upgraded by some means to allow its utilization as a 
liquid fuel. 
Considerable research has been performed to esterify bio-oils with alcohol 
addition; usually the esterification reaction is catalyzed by addition of an acid. Nearly all 
of these esterification methods have added relatively large proportions of alcohols (40-
80%) and a relatively high percentage of the acid catalyst (2-5%). None of the various 
bio-oil esterification routes has resulted in a commercial product. This has been largely 
due to the large percentage of alcohols required that render the esterified product too 
expensive to manufacture. In addition, the characteristics of the resulting esterified bio-
 
2 
oils have not been tested in relation to the esterification methods applied. Degree of 
reduced aging, resulting energy value, acidity and other important variables as related to 
amount and type of added alcohol as well as type and amount of acid catalyst have been 
largely undefined.  
In addition to esterification, olefination has been tested recently as a bio-oil 
upgrading method to reduce water content and increase energy value of the resulting 
product. Limited results have been described for a low-pressure olefination method 
without the presence of alcohol. A patent has recently been filed by Mississippi State 
University (MSU) that describes a method utilizing addition of 1-butanol to improve the 
olefination process. Both low-pressure and high-pressure methods of olefination are 
described in the patent application. In addition, olefins in both liquid and gas form were 
claimed for the production of the olefinated bio-oils. The potential for bio-oil olefination 
with gaseous olefin form is important because olefinic gas is less expensive than liquid 
olefins. 
Objective 
The objective of this study was to apply esterification and olefination reactions 
from addition of alcohols and olefins to raw bio-oil to increase raw bio-oil HHV. These 
treated bio-oils will be suitable as boiler fuels. The olefination reaction examined was 
only for addition of olefin in the gaseous form. Percentage of alcohol and catalyst wt% 






METHOD FOR ESTERIFICATION OF BIO-OIL AND STABILITY STUDY 
Abstract 
Raw bio-oils from biomass fast pyrolysis have high acid value, polymerize over 
relatively short periods of time, and have higher heating value (HHV) of approximately 
15 MJ/kg compared to about 45 MJ/kg for petroleum fuels. A new ASTM standard for 
bio-oil based boiler fuels has been released allowing ratings of both raw and upgraded 
bio-oils. The objective of this study was to develop an upgrading process to produce a 
boiler fuel from upgraded bio-oil to reduce acid value, slow polymerization over time and 
increase HHV. Loblolly pine wood was pyrolyzed at a feed rate of ~7 kg/h in a 
proprietary auger reactor to produce study bio-oil with 65% yield. The pyrolytic oil was 
then upgraded by esterification over acid catalyst. The influence of reaction conditions 
such as reaction time, reaction temperature, and catalyst content relative to upgraded bio-
oil properties were examined, and optimal conditions were identified. Physical and 
chemical analyses were performed to compare characteristics of raw and upgraded bio-
oils. The acid value of upgraded bio-oil was lowered by 55%. Accelerated aging tests 
were also performed to test the stability of upgraded bio-oils. Upgrading bio-oils by 
esterification is a simple and cost-effective approach to converting the pyrolytic bio-oils 




Bio-oil produced from fast pyrolysis of biomass is receiving increased attention as 
a method for producing renewable fuels. Bio-oil, or pyrolysis oil, is a dark-brown free-
flowing organic liquid produced from fast pyrolysis of cellulosic biomass. Fast pyrolysis 
is a process that heats biomass at a moderate temperature (450-550 °C) and high heating 
rates (1000 °C/sec) in the absence of oxygen for a short time (1-2 seconds) (Bridgwater, 
1994, Mohan et al., 2006). Due to 45-50% of oxygen content and significant water 
content (Oasmaa and Czernik, 1999, Mohan et al., 2006), raw bio-oil has a number of 
negative properties, such as low energy content, high acidity and viscosity and low 
stability as it polymerizes over time or when exposed to heat. It must be upgraded by 
some means to allow utilization as a liquid fuel. 
Bio-oil typically contains 30% water, 30% phenolics, 20% aldehydes and ketones, 
15% alcohols and 10% miscellaneous compounds (Mohan et al., 2006). Bio-oil has a low 
pH, which ranges from 2.0 to 3.7 (Bridgwater et al., 1999). The acid value of bio-oil is as 
high as 100 mg KOH/g. Formic acid and acetic acid are the major organic acid 
compounds in bio-oil (Bridgwater et al., 1999). The viscosity of the bio-oil varies from 
25 cSt to 1000 cSt (measured at 40 °C) (Bridgwater, 2003). The highly reactive 
oxygenated compounds in bio-oil generally result in polymerization that increases 
average molecular weight and viscosity over time (Czernik et al., 1994, Czernik, 1994). 
The higher heating value (HHV) of raw bio-oil is low at less than half of the value of fuel 
produced from petroleum sources. 
A number of upgrading methods have been proposed to produce high-quality 
fuels from bio-oils. The upgrading methods include catalytic hydroprocessing to 
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hydrocarbons (Senol et al., 2005, Mohan et al., 2006, Nokkosmaki et al., 2000, Elliott, 
2007), catalytic steam reforming or cracking (Rioche et al., 2005, Wang et al., 1996, 
Galdamez et al., 2005) and catalytic pyrolysis (French and Czernik, 2010, Aho et al., 
2008, Zhang et al., 2009, Putun, 2010, Marker et al., 2011, Vispute et al., 2010). 
However, these methods have drawbacks such as a requirement for high reaction 
temperatures and pressures which are expensive to apply. A substantial problem with 
these methods is the need to consume large amounts of hydrogen and the high capital 
cost of equipment installation. Specifically, with regard to catalytic hydrotreating the 
rapid deactivation of the catalysts has been a continuing problem (Elliott et al., 2012, 
Elliott, 2007). HHV of bio-oils esterified with alcohol ranges from 20 to 24 MJ/kg. 
Esterification is a relatively simple application. It requires low temperature and low 
pressures. The equipment required for esterification has a low capital cost by comparison 
to other upgrading methods. 
Recent studies have shown that bio-oil esterification reaction with alcohol and an 
acid or base catalyst lowered the total acid value, reduced viscosity increase over time 
and increased HHV (Junming et al., 2008, Zhao et al., 2006). Esterification performed by 
refluxing a carboxylic acid and an alcohol in the presence of an acid catalyst is called a 
Fischer esterification reaction (Eq. 1). 
 R-COOH + R’-OH 
catalyst
R-COOR’+ H2O Eq. 1 
Where R-COOH is carboxylic acid,  
R’-OH is alcohol 
R-COOR’ is ester. 
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The equilibrium constant (Keq) for the esterification reaction is given in Eq. 2. The 
value of the Keq represents which side of the reaction arrow is energetically favored. 
When the Keq grater than 1, then the reaction proceed as written from left to right and the 
energy must be released from the reaction. When the Keq value less than 1, then the 
reaction proceed as written from right to left. The energy change occuring during the 
reaction is called Gibbs free-energy change (∆G). The equilibrium position may changed 
when temperature, pressure, and concentration change. The Keq and ∆G both measures if 
a reaction is favored, and the relation can be caculated as shown in Eq. 3.  
 Keq = 
       ’      
           ’    
 Eq. 2 
Where [R-COOH] is the molar concentration of the carboxylic acid,  
[R’-OH] is the molar concentration of the alcohol, 
[R-COOR’] is the molar concentration of the ester. 
 ∆G=-RTlnKeq  Eq. 3 
Where ∆G is Gibbs free-energy change, 
R=8.315 J/(K mol) 
T is Kelvin temperature 
lnKeq=natureal logarithm of Keq 
Zhang et al. (2006) catalyzed the bio-oil esterification reaction with solid acid 
40SiO2/TiO2-SO4-2 and solid base 30K2CO3/Al2O3- NaOH. This model esterification 
reaction was in a molar ratio of 2.5: 1(ethanol: acetic acid). Catalyst was added at 5 wt% 
of the reaction solution. Researchers observed that the acid catalyst accelerated the 
esterification reaction to allow completion in 80 minutes to reach 88% of equilibrium 
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conversion. The gross calorific value increased from 15.83 MJ/kg to 23.87 and 24.03 
MJ/kg, respectively, for acid and base catalyst. The pH value of the upgraded bio-oil was 
lowered to 1.12 by the acid catalyst, while it was increased to 5.93 by the base catalyst. 
The esterification reaction stabilized the bio-oil with lowered dynamical viscosity 
through 8 months of aging in ambient condition. 
Moens et al. (2009) investigated the neutralization and stabilization of mixed 
hardwood bio-oil. Based on a typical bio-oil containing 1.5 to 2 mol of carboxylic acid 
groups and 4-6 mol of carbonyl groups per kilogram these researchers showed that 
complete conversion of the acids, aldehydes, and ketones would require 10-14 mol of 
alcohol per one kilogram of bio-oil. Their experiments explained that the high water 
content (20-30%) in raw bio-oils creates equilibrium limitations in the esterification 
reactions such that the neutralization and stabilization steps cannot be driven to 
completion. To complete the reaction towards ester formation, it was deemed necessary 
to remove the initial water contained in the bio-oil or the reaction water product produced 
from the esterification reaction. Absent initial or reaction water removal the esterification 
reaction is reversible such that the original reaction would be reversed to produce 
carboxylic acid and alcohol. This would negate the stabilization produced by the original 
esterification reaction.  
Xiong et al (2009) applied an esterification reaction between bio-oil and 
dicationic ionic liquid C6(mim)2-HSO4 for bio-oil upgrading. The esterification reaction 
was conducted at room temperature and ethanol was added as alcohol. However, their 
system produced a two-phase product: an upper layer comprised of a mixture of esters 
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and other low polar components. The water layer included water, ionic liquid, and some 
small amounts of hydrophilic compounds. 
A solid acid (SO4-2/MxOy) was applied by Junming et al. (2008) to esterify bio-oil. 
In their study, 2:1: 0.5(v/v/v) of raw bio-oil, ethanol and H2O2 (30%) with acid catalyst 
were refluxed in a 24 mm diameter reaction column for about 30 min at 320-328 K. Then 
light oil was collected at the head of the reactive column at a temperature below 328 K. 
Ethanol was recovered at a temperature of about 350 K. After the reaction, a phase 
separation was observed. Gravity operation of the water-insoluble layer from the upper 
aqueous layer was performed. 100mL of ethanol was added to the water-insoluble layer 
to obtain heavy oil. The calorific value of light and heavy oil increased from 14.3 MJ/kg 
for raw bio-oil to 21.5 MJ/kg for the light oil fraction and 24.5MJ/kg for the heavy oil 
fraction. pH increased from 2.82 to 7.06 and 5.35, respectively. Water content was 
reduced from 33% to 0.52% for light oil fraction and 5.03% for heavy oil fraction. The 
results from GC/MS, FT-IR, and 1H NMR also showed that esterification reactions had 
occurred.  
Lohitharn and Shanks (2009) conducted experiments utilizing bio-oil model 
compounds to explore the impact of addition of acetaldehyde and propionaldehyde on the 
conversion of acetic acid via esterification with ethanol catalyzed by SBA-15-SO3H. 
They found that the effect of aldehyde on the esterification reaction of acetic acid with 
ethanol was dependent more on a higher reaction temperature than on a high amount of 
alcohol addition. Therefore, at reaction temperatures above 100 °C the aldehydes did not 
interfere significantly with the esterification reaction. However, at 50 and 70 °C 
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aldehydes negatively hindered the esterification reaction. Acetic acid had a significantly 
lower conversion rate when aldehyde was present at the lower reaction temperatures. 
Miao and Shanks (2009) also performed experiments to compare the esterification 
results of SBA-15-SO3H. The acidic properties of bio-oil were simulated using 3 M 
acetic acid. Methanol was added as the esterification alcohol. Study results indicated that 
SBA-15-SO3H demonstrated similar site activity for acetic acid esterification as exhibited 
by esterification with sulfuric acid. The water tolerance experiment showed that SBA-15-
SO3H inhibited the esterification reaction less than sulfuric acid for the model 
compounds. The researchers concluded that SBA-15- SO3H increased catalyst water 
tolerance due to the presence of hydrophobic propyl groups. 
Tang et al. (2009) combined bio-oil esterification with hydroprocessing to 
upgrade bio-oil. Raw bio-oil was combined with ethanol at supercritical temperature 
during hydrotreatment with catalyst Pd/SO4-2/ZrO2/SBA-15. The bio-oil properties were 
improved with reduced viscosity and density; pH and HHV were increased. The HHV of 
PdSZr upgraded oil was the highest at 20.1 MJ/kg compared to 17.4 MJ/kg of original 
bio-oil. The researchers concluded that hydrotreating reduced the amount of aldehydes 
and ketones in the bio-oil while esterification converted the acids to esters. 
Thermogravimetric and differential thermogravimetric analyses showed that the 
macromolecular compounds were decomposed and more volatile compounds were 
produced. 
Tang et al (2010) synthesized bifunctional mesoporous organic-inorganic hybrid 
silicas with platinum and a propylsulfonic acid group and tested it in a one-step 
hydrogenation/esterification reaction. Acetic acid and acetaldehyde were model reagents. 
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The bifunctional Pt/SBA15-PrSO3H catalyst exhibited superior esterification activity 
with about twice the acetic acid turnover number relative to that with the monofunctional 
SBA15-PrSO3H catalyst. Tang concluded that combining metallic Pt nanoparticles with 
strong acid sites allowed the hybrid catalyst to perform a one-step 
hydrogenation/esterification activity. However, application of the technology to bio-oil 
rather than model compounds has not been performed. 
Li et al. (2011) reported on an Amberlyst 70 catalyzed reaction between methanol 
and mallee bio-oil at a temperature between 70 and 170 °C. The results showed the 
conversion of light organic acids and aldehydes to esters and acetals increased with 
increasing temperature, reaction time and catalyst loading. 
Diebold and Czernik’s research (1997) showed that the addition of alcohol 
significantly decreased bio-oil viscosity changes over time. These researchers concluded 
that the low molecular weight, monofunctional alcohols that were added reacted with the 
oligomers present in bio-oil forming polyesters. Results showed that the addition of 10 
wt% of methanol to bio-oil decreased the rate of accelerated aging by a factor of 20. 
Authors also speculated that ketones and aldehydes may have been converted to acetals 
and ketals by reacting with the alcohols. This effect was particularly important if alcohols 
were immediately added to newly produced bio-oils. The effectiveness of alcohol 
addition increased as the molecular weight of the alcohol decreased. A similar 
experiment reported by Boucher et al. in 2000 showed that increasing methanol 
percentage (up to 15%) added to the bio-oil decreased the viscosity over time and also 
delayed the phase separation process compared with the raw bio-oil under the same 
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conditions. Radlein et al. (1996) claimed that adding 40 wt% of ethanol to pyrolysis oil 
reduced polymerization over time and reduced acidity. 
Hilten and Das (2010) tested three accelerated aging procedures to assess bio-oil 
stability. They found that among the three bio-oils sampled, from the most stable to the 
least stable bio-oil were pine stabilized with 10% methanol, pure pine, pine spray-
condensed with 10% ethanol, pure peanut hull, and peanut hull stabilized with 10% 
methanol. The methanol stabilized bio-oil had a reduced concentration of the oxygenated 
compound with C-O groups compared to unstabilized bio-oil. 
The objective of this study was to upgrade bio-oil to a potential boiler fuel by an 
esterification reaction to increase raw bio-oil HHV, lower the acidity and viscosity and to 
improve its stability. This study identified the best esterification reaction time, 
temperature, and catalysts applied. A sub-objective was to perform the esterification with 
the minimal addition of alcohol and catalyst to reduce the process cost. 
Materials and methods 
General 
Loblolly pine wood was utilized as the feedstock from which to produce bio-oil 
for all experiments. Pine lumber, kiln dried to 12 to 17% moisture content, was obtained 
from a local lumber yard. The lumber was cut to 1-2-inch-sized chips. These chips were 
further reduced in size by grinding to 1-3 mm followed by drying to 8-10% final moisture 
content. 
Bio-oil was produced by an auger reactor located in the Department of Forest 
Products, Mississippi State University (MSU). This auger reactor is capable of 
pyrolyzing feedstock at a rate of 7 kg/h. This feed rate was utilized for all experiments 
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described. The auger speed was 20 rpm at a pyrolysis temperature of 450 °C. Liquid 
product yield for the MSU auger reactor was about 65% dry weight basis with production 
of 10-15% of non-condensable gases and 20-25% of char. Nitrogen was used as a carrier 
gas. 
Chemicals 
Certified ACS grade methanol and 1-butanol were purchased from Fisher 
Scientific. Acros organic branded sulfuric acid (H2SO4) was obtained with purity of 96 
w/w%. Nickel on silica-alumina (Ni/Si-Al) with 66±5% Ni was obtained from Alfa 
Aesar. 
Esterification with methanol by batch reaction 
The main objective of these treatments was to explore the optimum conditions 
and chemical concentration required for the production of boiler fuel by esterification of 
raw bio-oil with addition of a minimal percentage of alcohol and catalyst. The 
preliminary results showed that at high acid catalyst level (1.0 wt%) and low methanol 
level (10 wt%) combination, the partial polymerization happened immediately after the 
reaction. A two-phase product was formed with a heavier and viscous phase at the bottom 
and a lighter phase at the top. Thus, the high catalyst level treatment was eliminated from 
the study. Ten or 20 wt% of methanol was added to fresh bio-oil. Subsequently, H2SO4 
(0.2 wt%) was added as an acid catalyst to this bio-oil mixture to produce the 
esterification reaction. Two reaction temperatures (70 and 90 °C) and two reaction times 
(1 and 2 h) tested to perform the esterification process in a Parr high-pressure autoclave 
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reactor. After performing the esterification reaction, the upgraded bio-oils were analyzed 
quantitatively. All methanol esterification treatments are listed in Table 1. 
Table 1 Methanol batch esterification treatments. 
Alcohol Catalyst and 
catalyst wt% 
Alcohol wt% Temperature (°C) Reaction time (h) 









Esterification with 1-butanol by batch reaction  
Esterification of bio-oil by 1-butanol was also performed in a Parr high-pressure 
autoclave reactor. Because 1-butanol has a higher boiling point than methanol, the 
reaction was tested at higher temperatures (90, 120, and 150 °C). A preliminary study 
found that, at these temperatures, 10 wt% of 1-butanol did not convert sufficient 
carboxylic acids to esters. Moreover, a 1 h reaction time was too short to complete the 
esterification reaction. For that reason, only tests for 20 wt% of 1-butanol of a 2 h 
reaction time were performed. Two types of catalysts, a heterogeneous catalyst (Ni/Si-Al) 
and a homogenous catalyst (H2SO4) were used to perform the esterification reaction and 
were compared to no catalyst with 1-butanol (NCWB) reactions. All 1-butanol 





Table 2 1-butanol batch esterification reaction treatments. 
Alcohol and wt% Reaction time (h) Catalyst and wt% Temperature (°C) 
1-butanol and 20 2  NCWB 1) 90 
120 
150 
H2SO4 0.2 90 
120 
150 
Ni/Si-Al 1 90 
120 
150 
1) NCWB: no catalyst with 1-butanol  
To insure the uniformity of the bio-oil utilized for all treatments, only one bio-oil 
was produced. In this way it was insured that bio-oil quality was not responsible for any 
changes in esterification reaction product qualities. 
Chemical and physical properties 
The physical and chemical properties for each esterified product were determined 
for three replicated specimens by the procedures of ASTM D7544, Standard 
Specification for Pyrolysis Liquid Biofuel given in Table 3. All the physical and chemical 
tests were replicated three times. For the acid value test, 1 g of bio-oil was dissolved in 
isopropanol/water (v/v =35:65) solution and then titrated with 0.1 N NaOH to a pH of 
8.5. The acid value was then calculated as the number of milligrams of KOH equivalent 
to 1 g of bio-oil sample. The Karl Fischer method was employed to determine water 
content according to ASTM E203 with Cole-Parmer Model C-25800-10 titration 
apparatus. The ASTM D445-04 standard test method for kinematic viscosity of 
transparent and opaque liquids was applied for viscosity testing at 40 °C using a 
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Ubbelohde U-tube viscometer. HHV was determined with a Parr 6400 automatic 
isoperibol calorimeter according to ASTM D240.  
Table 3 Physical and chemical properties tested and ASTM test method followed. 
Property (unit) Test Method Specification 
Water content (mass %) ASTM E203 30 maximum 
Viscosity (mm2/s) ASTM D445 125 maximum 
HHV (MJ/kg) ASTM D240 15 minimum 
 
Stability Study 
The esterified treatment specimen products were also tested by accelerated aging 
in 3 replicates. All samples were stored in sealed vials and weighed before and after each 
aging period. Samples were heated in an aerated oven at 80 °C for 6, 12, 18, and 24 h. 
Rate of change was calculated by Eq. 4 with the difference between aged bio-oil and 
unaged bio-oil divided by the aging time. The rate of change can be used to evaluate the 
aging speed of each bio-oil. A positive number means an increase in tested value, while a 
negative number means a decrease in tested value. 
 Rate of change= (aged bio-oil-unaged bio-oil)/aging time Eq. 4 
Experimental design 
Analysis of variance (ANOVA) Model 1 as shown in Eq. 5 applied to methanol 
treatments was comprised of three factorials with two alcohol levels (10 and 20 wt%), 
two temperature levels (70 and 90 °C) and two reaction time levels (1 and 2 h). Fisher’s 
least significant difference (LSD) test was performed to determine the significance of the 
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ANOVA prior to application of the comparisons of test means. All tests for significance 
were performed at the 0.05 level. 
 Yijk = β0 + β1 Ai + β2 Bj + β3Ck + β4A*Bij + β5A*C ik + β6B*Cjk + β7 A*B*C ik + eijk   Eq. 5 
Where: 
Yijk represents dependent variable physical or chemical testing values: acid value, 
water content, viscosity, and HHV, 
β0 represents the intercept term,  
β1 Ai represents the influence of alcohol level, 10 or 20 wt%, 
β2 Bj represents the influence of reaction temperature level, 70 and 90 °C, 
β3 Ck represents the influence of reaction time level, 1 and 2 h, 
β4A*Bij represents the interaction influence between each alcohol wt% (10 and 20 
wt%) and reaction temperature levels (70 and 90 °C), 
β5A*Cik represents the interaction influence between alcohol wt% (10 and 20 
wt%) and reaction time (1 and 2 h), 
β6 B*C ik represents the interaction influence between reaction temperature (70 
and 90 °C) and reaction time (1 and 2 h), 
β7A*B*Cijk represents the interaction influence between wt% (10 and 20 wt%), 
reaction temperature (70 and 90 °C), and reaction time (1 and 2 h), 
eijk represents random error term.  
ANOVA Model 2 as shown in Eq. 6was comprised of methanol esterification 
treatment combinations at 8 levels or 1-butanol esterification treatment combination at 9 
levels or the treatment combinations over the accelerated aging periods. Fisher’s LSD test 
 
17 
was performed to determine the significance of the ANOVA prior to application of the 
comparisons of test means. All tests for significance were performed at the 0.05 level. 
The Model 2 ANOVA was performed for each of raw and esterified treatment. 
 Yi = β0 + β1 Ai+ei  Eq. 6 
Where: 
Yijk represents dependent variable physical or chemical testing values: acid value, 
water content, viscosity, and HHV, 
β0 represents the intercept term,  
β1 Ai represents the influence of treatment combination, 
ei represents random error term. 
ANOVA Model 3 as shown in Eq. 7 was used to analyze the 1-butanol 
esterification treatments. The model is comprised of two factors with three catalyst levels 
(NCWB, H2SO4, and Ni/Si-Al) and three temperature levels (90, 120, and 150 °C). 
Fisher’s LSD test was performed to determine the significance of the ANOVA prior to 
application of the comparisons of means tests. All tests for significance were performed 
at the 0.05 level. The Model 3 ANOVA was performed to compare the 1-butanol 
treatment. 
 Yij = β0 + β1 Ai + β2 Bj + β3A*Bij + eij  Eq. 7 
Where: 
Yij represents dependent variable physical or chemical testing values: acid value, 
water content, viscosity, or HHV,  
β0 represents the intercept term, 
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β1 Ai represents the influence of catalyst type (NCWB, H2SO4, and Ni/Si-Al), 
β2 Bj represents the influence of temperature level, 90, 120, and 150 °C, 
β3A*Bij represents the interaction influence between each catalyst (NCWB, 
H2SO4, and Ni/Si-Al) and temperature at three levels (90, 120, and 150 °C), 
eij represents random error term. 
ANOVA Model 4 as shown in Eq. 8 was used to analyze the methanol 
esterification aging treatments. The model is comprised of two three factors with two 
alcohol levels (10 and 20 wt%) and two reaction time levels (0.2 and 1.0 wt%), and four 
levels of aging time (0, 6, 12, and 18 h). Fisher’s LSD test was performed to determine 
the significance of the ANOVA prior to application of the comparisons of means tests. 
All tests for significance were performed at the 0.05 level. 
 Yijk = β0 + β1 Ai + β2 Cj + β3Tk + β4A*Cij + β5A*Tik + β6 C*T ik + β7A*C*Tijk +eijk  Eq. 8 
Where: 
Yijk represents dependent variable physical or chemical testing values: acid value, 
water content, viscosity, and HHV. 
β0 represents the intercept term,  
β1 Ai represents the influence of alcohol level, 10 or 20 wt%, 
β2 Cj represents the influence of reaction time level, 1 and 2 h 
β3 Tk represents the influence of aging time, 0, 6, 12, 18 h, and 24 h, 
β4A*Cij represents the interaction influence between each alcohol wt% (10 and 20 
wt%) and reaction time level, 1 and 2 h, 
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β5A*Tik represents the interaction influence between alcohol wt% (10 and 20 
wt%) and aging time (0, 6, 12, 18, and 24 h), 
β6 C*T ik represents the interaction influence between reaction time level (1 and 2 
h) and aging time (0, 6, 12, 18, and 24 h), 
β7A*C*Tijk represents the interaction influence between wt% (10 and 20 wt%), 
reaction time level (1 and 2 h), and aging time (0, 6, 12, 18, and 24 h), 
eijk represents random error term. 
ANOVA Model 5 as shown in Eq. 9 was comprised of aging time with five levels 
(0, 6, 12, 18, and 24 h) for accelerated aging. Fisher’s LSD test was performed to 
determine the significance of the ANOVA prior to application of the comparisons of test 
means. All tests for significance were performed at the 0.05 level. The Model 5 ANOVA 
was performed for each of raw and esterified treatment. 
 Yi = β0 + β1 Ti+ei  Eq 9 
Where: 
Yijk represents dependent variable physical or chemical testing values: acid value, 
water content, viscosity,  
β0 represents the intercept term,  
β1 Ti represents the influence of aging time, 
ei represents random error term. 
ANOVA Model 6 as shown in Eq. 10 was used to analyze the 1- butanol 
estersification reaction aging study. The model is comprised of two factors with three 
catalyst levels (NCWB, H2SO4, and Ni-Si/Al) and four aging time period levels (6, 12, 
18, and 24 h). Fisher’s LSD test was performed to determine the significance of the 
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ANOVA prior to application of the comparisons of means tests. All tests for significance 
were performed at the 0.05 level. 
 Yij = β0 + β1 Ai + β2 Tj + β3A*Tij + eij Eq 10 
Where: 
Yij represents dependent variable physical or chemical testing values: acid value, 
water content, viscosity, or HHV,  
β0 represents the intercept term, 
β1 Ai represents the influence of catalyst type (NCWB, H2SO4, and Ni/Si-Al), 
β2 Tj represents the influence of aging time period , 6, 12, 18, and 24 h, 
β3A*Tij represents the interaction influence between each catalyst (NCWB, 
H2SO4, and Ni/Si-Al) and aging time period (6, 12, 18, and 24 h), 
eij represents random error term. 
Results and discussion 
Raw bio-oil and raw bio-oil dilute with alcohol properties 
The acid value, water content, viscosity, and HHV of raw bio-oil, raw bio-oil 
diluted with 10, 20 wt% methanol and raw bio-oil diluted with 20 wt% 1-butanol without 
heating are shown in Table 4. Raw bio-oil had acid value of 95.4 mg KOH/g, water 
content of 34.3 wt%, viscosity of 7.00 cSt, and HHV of 14.0 MJ/kg. By contrast, due to 
the alcohol addition, the alcohol diluted bio-oils had lower acid value, water content, and 
higher HHV compared to raw bio-oil. Methanol had an lower HHV of 19.9 MJ/kg 
compared to 33.1 MJ/kg of 1-butanol. Therefore, at the same wt% of alcohol dilution, the 
1-butanol treatment had higher HHV compared to methanol treatments. 
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Table 4 The physical and chemical properties of raw bio-oil and raw bio-oil diluted 
with alcohols. 
Properties Raw bio-oil 90 wt% bio-oil + 
10 wt% 
methanol 




oil + 20 
wt% 1-
butanol 
Acid value (mg 
KOH/g) 
95.4 85.8 76.3 76.3 
Water content 
(wt%) 
34.3 30.8 27.4 27.4 
Viscosity (cSt) 7.00 N/A N/A N/A 
HHV (MJ/kg) 14.0 14.6 15.2 17.8 
 
Methanol batch esterification reaction 
The methanol esterification reaction was performed at two alcohol wt% levels (10 
and 20 wt%), two reaction temperatures (70 and 90 °C), and two reaction times (1 and 2 
h). All methanol esterification reactions had an oil yield of 98 wt%. The Model 1 
ANOVA results showed the three-term interaction variable representing alcohol level, 
reaction temperature, and reaction time to be significant. In this situation it is required to 
examine f the independent variables be examined empirically to elucidate the interaction 
cause or causes.  
To analyze the meaning of the three-way interaction it was necessary to employ 
two two-dimensional plots of acid value for each of the two study alcohol levels (10 and 
20 wt%) in relation to aging time and catalyst level influence. The acid value of methanol 
treatments at low alcohol level (10 wt%) was influenced by reaction time and reaction 
temperature as shown in Figure 1. The Figure 1 data show that acid value changed 
differentially for 70 and 90 °C temperatures in relation to reaction time levels. The acid 
value of the low alcohol wt% at 70 °C decreased from 65.9 to 64.0 mg KOH/g when the 
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reaction time increased from 1 to 2 h. At the same alcohol wt%, at 90 °C the acid value 
decreased from 64.7 to 63.3 mg KOH/g with reaction time increased from 1 to 2 h. At the 
low alcohol level (10 wt%), the acid value decreased more at the low temperature level 
(70 °C). The interaction appears to be caused by a greater difference at 70 °C and 90 °C 
reaction in the 1 h reaction results as compared to the 2 h results. The 1 h result 
difference was greater (64.7 compared to 63.3 mg KOH/g for a difference of 1.4 mg 
KOH/g) than the 2 h results (64.0 compared to 63.3 mg KOH/g for a difference of only 
0.7 mg KOH/g). 
 
Figure 1 The mean response plot for acid value of methanol esterified bio-oil at low 
alcohol level (10 wt%) and two reaction time levels (1 and 2 h) at two 
reaction temperature s(70 and 90 °C). 
 
The acid value of methanol treatments at the high alcohol level (20 wt%) are 
shown in Figure 2. Again, the acid values decreased differentially for the 70 and 90 °C 
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temperatures in relation to the reaction time applied. The acid value for the high alcohol 
wt% at 70 °C decreased from 45.7 to 44.3 mg KOH/g when the reaction time increased 
from 1 to 2 h. At the same alcohol wt%, for the 90 °C treatment, acid value decreased 
from 44.3 to 42.3 mg KOH/g. For the high alcohol wt% treatments, as the reaction time 
increased from 1 to 2 h, the acid value decreased more at 90 °C than at 70 °C. It is this 
difference in reaction temperature over time that appears to be responsible for additional 
interaction in Figure 2. There was a greater difference in the results at 2 h between 
reaction temperature results than for the 1 h results. 
 
Figure 2 The mean response plot for acid value of methanol esterified bio-oil at high 
alcohol level (20 wt%) and two reaction time levels (1 and 2 h) at two 
reaction temperatures (70 and 90 °C). 
 
The mean acid values for each methanol esterification treatment are given in 
Table 5. According to ANOVA Model 2, different letters indicate any significance of 
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difference between treatments. The low alcohol wt% at 70 °C for 1 h reaction had the 
highest acid value of 65.9 mg KOH/g, while the high alcohol wt% at 90 °C for 2 h had 
the lowest acid value. The high alcohol wt% treatments had significantly lower acid 
values compared with the low alcohol wt% treatments. The acid values were lower at 
higher reaction temperature of 90 °C compared to 70 °C. The reaction time for 1 h had 
higher acid value compared with the 2 h reaction time. Thus, the lower acid value 
esterified bio-oil was produced by the higher alcohol wt%, at higher reaction temperature 
and at longer reaction times. Therefore, the higher alcohol wt%, the higher reaction 
temperature, and the higher reaction time are shown to push the reaction closer to 
equilibrium as expected. 
Table 5 Comparison of means test results 1) for the acid value of methanol batch 
esterification treatment. 
Methanol (wt%) Reaction 
temperature (°C) 
Reaction time (h) Acid value (mg 
KOH/g) 
10 70 1 65.9 a 
2 64.0 c 
90 1 64.7 b 
2 63.3 d 
20 70 1 45.7 e 
2 44.3 f 
90 1 44.3 f 
2 42.3 g 
1) Different letters to the right of the acid values indicate significant difference between 
treatments. 
The Model 1 ANOVA was employed to analyze the water content of methanol 
esterified reactions. The ANOVA three-way interaction variable representing alcohol 
level, reaction temperature, and reaction time was not found to be significant. However, 
the two-way interaction term of alcohol wt% and reaction temperature was found to be 
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significant. In this situation, it is required that examination of the independent variables 
be examined empirically to elucidate the interaction cause or causes. Since reaction time 
did not have a significant influence on the water content, to analyze the meaning of the 
two-way interaction it was necessary to employ a two-dimensional plot of water content 
for each of the two study alcohol levels (10 and 20 wt%) in relation to reaction 
temperature influence. 
The water content of methanol treatments was influenced by alcohol level by 
reaction temperature as shown in Figure 3. The Figure 3 data show that water content at 
different alcohol wt%s changed differentially for the reaction temperatures of 70 and 90 
°C. The water content at 70 °C treatments decreased from 27.8 to 24.9 wt% with the 
increase of alcohol wt% from 10 to 20 wt%. By contrast, at 90 °C the water content 
decreased from 28.8 to 26.4 wt% with increase of the alcohol wt%.  
 
Figure 3 The mean response plot for water content of methanol esterified bio-oil at 
two alcohol levels and two reaction temperatures (70 and 90 °C). 
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ANOVA Model 2 was employed to analyze the mean water contents for each 
methanol esterified treatment combination. The mean water contents are given in Table 6 
with different letters indicating a significance of difference between treatments. Since the 
reaction time did not have a significant influence on the water content, for the same 
alcohol wt%, at the same reaction temperature, there was no significant difference 
between 1 and 2 h reaction time in relation to water content. The high alcohol wt% 
treatments had significantly lower water content compared to the low alcohol wt% 
treatments. This is in spite of the higher degree of esterification produced by the addition 
of the higher level of alcohol. In this case it appears that the higher alcohol level results in 
increased excess alcohol in the esterified bio-oil. This excess alcohol appears to dilute the 
water content produced by additional esterification reaction, thereby resulting in a lower 
water content measurement. The water content was higher at the higher reaction 
temperature of 90 °C compared to 70 °C. This result was expected because at the higher 
reaction temperature of 90 °C, the esterification reaction produced more water and 




Table 6 Comparison of means test results 1) for the water content values of methanol 
batch esterification treatment. 
Methanol (wt%) Reaction 
temperature (°C) 
Reaction time (h) Water content 
(cSt) 
10 70 1 27.6 b 
2 28.0 ab 
90 1 28.3 a 
2 28.2 a 
20 70 1 24.9 d 
2 24.9 d 
90 1 26.5 c 
2 26.2 c 
1) Different letters to the right of water content indicate significant differences between 
treatments. 
The Model 1 ANOVA was employed to analyze the viscosity of methanol 
esterified reactions. The ANOVA three-way interaction variable representing alcohol 
level, reaction temperature, and reaction time was found to be significant. In this situation 
it is required that examination of the independent variables be examined empirically to 
elucidate the interaction cause or causes. To analyze the meaning of the three-way 
interaction it was necessary to employ two two-dimensional plots of viscosity for each of 
the two study alcohol levels (10 and 20 wt%) in relation to reaction time and reaction 
temperature influence. 
The viscosity of methanol treatments at low alcohol level (10 wt%) was 
influenced by reaction time and reaction temperature as shown in Figure 4. The Figure 4 
data show that viscosity differed between 70 and 90 °C temperature treatments in relation 
to reaction time levels. The viscosity of the low alcohol wt% at 70 °C increased from 6.5 
to 6.9 cSt, when the reaction time increased from 1 to 2 h. By contrast, at the same 
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alcohol wt%, at 90 °C the viscosity decreased from 6.4 to 6.2 cSt as reaction time 
increased from 1 to 2 h. 
 
Figure 4 The mean response plot for viscosity of methanol esterified bio-oil at low 
alcohol level (10 wt%) and two reaction time levels (1 and 2 h) at two 
reaction temperature (70 and 90 °C). 
 
The viscosity of methanol treatments at high alcohol level (20 wt%) was 
influenced by reaction time and reaction temperature as shown in Figure 5. The Figure 5 
data show that the viscosity changed differentially for the 70 and 90 °C temperature 
treatments in relation to reaction time levels. The viscosity of the low alcohol wt% at 70 
°C increased from 4.4 to 4.7 cSt, when the reaction time increased from 1 to 2 h. By 
contrast, at the same alcohol wt%, at 90 °C the viscosity decreased from 4.4 to 5.0 cSt as 




Figure 5 The mean response plot for viscosity of methanol esterified bio-oil at high 
alcohol level (20 wt%) and two reaction time levels (1 and 2 h) at two 
reaction temperature (70 and 90 °C). 
 
The mean viscosity values for each methanol esterified treatment were analyzed 
by ANOVA Model 2. The mean values are given in Table 7 with different letters 
indicating any significance of difference between treatments. The high alcohol wt% 
treatments had significantly lower viscosity compared to the low alcohol wt% treatments. 
At 1 h reaction time and for the same alcohol wt%, the viscosity did not differ 
significantly between 70 and 90 °C temperatures. The kinematic viscosity is strongly 
dependent on the water content of bio-oil as higher water content bio-oil tends to have 
lower kinematic viscosity. However, for esterified bio-oil, because the methanol was 
added to bio-oil and unreacted alcohol was still present in bio-oil after the esterification 
reaction, it appears that the viscosity of esterified bio-oil was more dependent on the 
excess alcohol wt% than water content. The 20 wt% methanol treatments had 
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significantly lower viscosity than 10 wt% methanol treatment, even though the water 
content of 10 wt% treatments had higher water content compared to 20 wt% methanol 
treatments (Figure 4 and 5). 
Table 7 Comparison of means test results 1) for the viscosity value of batch methanol 
esterification treatment. 
Methanol (wt%) Reaction 
temperature (°C) 
Reaction time (h) Viscosity (cSt) 
10 70 1 6.5 b 
2 6.9 a 
90 1 6.4 b 
2 6.2 c 
20 70 1 4.4 f 
2 4.7 f 
90 1 4.4 f 
2 5.0 d 
1) Different letters to the right of viscosity values indicate significant differences between 
treatments. 
The ANOVA Model 1 was employed to analyze the HHV of methanol esterified 
reactions. The ANOVA three-way interaction variable representing alcohol level, 
reaction temperature, and reaction time was found to be significant. In this situation, it is 
required that examination of the independent variables be examined empirically to 
elucidate the interaction cause or causes. To analyze the meaning of the three-way 
interaction it was necessary to employ two two-dimensional plots of water content for 
each of the two study alcohol levels (10 and 20 wt%) in relation to reaction time and 
reaction temperature influence. 
The HHV of methanol treatments at low alcohol level (10 wt%) was influenced 
by reaction time and reaction temperature as shown in Table 6. The Table 6 data show 
that HHV changed differentially for the 70 and 90 °C temperature treatments in relation 
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to reaction time levels. The HHV of the low alcohol wt% at 70 °C increased from 15.8 to 
16.2 MJ/kg, when the reaction time increased from 1 to 2 h. By contrast, at the same 
alcohol wt% at 90 °C, the HHVs of the 1 and 2 h reactions did not differ at all and had 
identical values (15.8 MJ/kg). 
 
Figure 6 The mean response plot for HHV of methanol esterified bio-oil at low 
alcohol level (10 wt%) and two reaction time levels (1 and 2 h) at two 
reaction temperatures (70 and 90 °C). 
 
The HHV of methanol treatments at high alcohol level (20 wt%) was influenced 
by reaction time and reaction temperature as shown in Figure 7. The Figure 7 data show 
that HHV changed differentially between the 70 and 90 °C temperature treatments in 
relation to reaction time levels. The HHV of the low alcohol wt% at 70 °C decreased 
from 18.0 to 17.8 cSt, when the reaction time increased from 1 to 2 h. By contrast, at the 
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same alcohol wt%, at 90 °C the HHV increased from 17.0 to 17.6 cSt as reaction time 
increased from 1 to 2 h. 
 
Figure 7 The mean response plot for HHV of methanol esterified bio-oil at high 
alcohol level (20 wt%) and two reaction time levels (1 and 2 h) at two 
reaction temperatures (70 and 90 °C). 
 
The mean HHVs of each methanol esterified treatment was analyze by ANOVA 
Model 2 given in Figure 8. Different letters indicate any significant of difference between 
treatments. The high alcohol wt% treatments had significantly higher HHV compared 
with the low alcohol wt% treatments. This occurred because the water contents of high 
alcohol level treatments were significantly lower than for the low alcohol levels. The 
treatment of 20 wt% methanol at 70 °C had the highest HHV among all treatments. 
Because HHV is highly related to the water content of the sample, the treatment with 
higher water content usually had lower HHV as shown in Table 5. This is the case for 
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these methanol esterification reaction treatments. As given in Figure 5 and 7, the 10 wt% 
methanol level treatments had higher water content compared to 20 wt% treatments, 
while the HHVs of 10 wt% treatments were significantly lower compared to 20 wt% 
treatments. As previously discussed water content is diluted with high alcohol addition. 
Therefore, the 20 wt% alcohol addition increased degree of esterification. Further, excess 
alcohol produced by higher alcohol addition added energy value to the esterified bio-oil, 
thereby producing higher HHV. 
Table 8 Comparison of means test results 1) for the HHV of methanol batch 
esterification treatment. 





10 70 1 15.8 e 
2 16.2 d 
90 1 15.8 e 
2 15.7 e 
20 70 1 18.0 a 
2 17.8 ab 
90 1 17.0 c 
2 17.6 b 
1) Different letters to the right of the HHVs indicate significant differences between 
treatments. 
For the methanol batch esterified reaction, bio-oil was esterified at two methanol 
wt% levels (10 and 20 wt%) with 0.2 wt% H2SO4 at two reaction temperature levels (70 
and 90 °C) and reaction two time levels (1 and 2 h). Because the ANOVA model 
interaction terms did not present a clear statistical choice of the best treatment in terms of 
acid value, water content, viscosity, and HHV, a further examination was required. The 
treatment using 20 wt% of methanol at 70 °C for 1 and 2 h reaction times had the lowest 
water contents (24.9 and 24.9 wt%) and highest HHVs (18.0 and 17.8 MJ/kg) among all 
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treatments (Table 6 and 8). As for viscosity, the 20 wt% methanol treatment for 1 h at 70 
and 90 °C had the lowest viscosities (4.4 and 4.4 cSt). The 20 wt% methanol at 70 °C for 
2 h reaction time had the next lower viscosity (4.7 cSt) among all treatments (Table 7). 
For the same reaction time and temperature, the 20 wt% methanol treatments had lower 
acid value compared to 10 wt% treatments. This occurred because the low level of 10 
wt% methanol was not enough to convert the bio-oil carboxylic acids to esters. The 
product from the treatment with 20 wt% methanol esterified at 90 °C for 2 h had the 
lowest acid value among all treatments at 42.3 mg KOH/g, which showed that a higher 
degree of esterification was obtained by this treatment. However, water is a byproduct of 
the esterification reaction. The water content of the 20 wt% methanol reacted for 2 h at 
90 °C was 26.2 wt%, apparently 1.3 wt% higher compared to the 70 °C temperature at 1 h 
reaction time treatment (24.9 wt%). The treatment with 20 wt% methanol at 70 °C for 1 
and 2 h treatments had 3.4 and 2.0 mg KOH/g higher acid values compared to the lowest 
acid value (42.3 mg KOH/g) produced by addition of 20 wt% methanol at 90 °C at 2 h 
reaction time. From an economic perspective, because the lower reaction temperature and 
shorter reaction time saves energy and time, and the acid value is only slightly higher; the 
more preferable esterification treatment is the 20 wt% of methanol addition at 70 °C for 1 
h. 
1-butanol batch esterification reaction 
The 1-butanol esterification reaction was performed at three reaction temperature 
levels (90, 120, and 150 °C) and for three types of catalyst (NCWB, H2SO4, and Ni/Si-
Al). A two-phase product was produced from the 1-butanol esterified reaction, with an 
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aqueous phase at the bottom and organic oil phase on the top. The fact that 1-butanol 
produced an aqueous phase in the two-phase state allowed the aqueous fraction to be 
separated from the organic phase. Of course, this had an influence on the product profiles 
which will be explained below. Because H2SO4 is a homogenous catalyst, for H2SO4 
catalyzed reactions the catalyst was retained in both the organic oil and aqueous phase. 
However, for Ni-Si/Al catalyzed reactions, the catalyst Ni-Si/Al was separated out with 
char. The reaction product yields for all two-phase products are given in Tables 9 to 11. 
For no catalyst and heterogeneous catalyst reaction, as the reaction temperature 
increased, the organic oil yield decreased while the aqueous phase and char increased. 
For H2SO4 catalyzed treatments, the 90 °C treatment had the highest oil yield, whereas 
the 120 °C had the lowest oil yield. The chemical and physical properties tests were 
performed on the organic oil phase in three replicates. 
Table 9 The oil phase, aqueous phase, and char yield of non-catalyzed 1-butanol 
batch esterification reactions at 90, 120, and 150 °C. 
Temperature (°C) Char (wt%) Oil (wt%) Aqueous (wt%) Phase state 
90 0.3 78.4 18.3 2-phase 
120 0.7 72.8 22.4 2-phase 
150 0.8 65.5 26.6 2-phase 
 
Table 10 The oil phase, aqueous phase, and char yield of sulfuric acid catalyzed 1-
butanol batch esterification reactions at 90, 120, and 150 °C. 
Temperature (°C) Char (wt%) Oil (wt%) Aqueous (wt%) Phase state 
90 0.7 69.5 29.8 2-phase 
120 1.4 63.2 30.2 2-phase 




Table 11 The oil phase, aqueous phase, and char yield of Ni-Si/Al catalyzed 1-
butanol batch esterification reactions at 90, 120, and 150 °C. 
Temperature (°C) Char (wt%) Oil (wt%) Aqueous (wt%) Phase state 
90 1.3 76.5 20.0 2-phase 
120 1.5 69.0 25.5 2-phase 
150 1. 6 64.9 29.2 2-phase 
 
The Model 3 two-term interaction variable, catalyst type and reaction temperature 
in the ANOVA with acid value as the dependent variable was found to be significant. In 
this situation it is required that examination of the independent variables be performed 
empirically to elucidate the interaction cause or causes. The mean response plot for acid 
value of 1-butanol esterified bio-oil at three temperatures (90, 120, and 150 °C) and three 
catalyst types (NCWB, H2SO4, and Ni/Si-Al) is shown in Figure 8. As the temperature 
increased from 90 to 150 °C, the Ni/Si-Al treatment showed a decreased acid value of 
74.8, 75.1, and 73.1mg KOH/g, respectively. At the same reaction temperature, Ni/Si-Al 
produced higher acid values compared with the NCWB and H2SO4 treatments. For 90, 
120, and 150 °C temperature treatments, the 0.2 wt% H2SO4 treatments had acid values 
of 56.2, 62.7, and 64.9 mg KOH/g, respectively; these acid values, when compared to 
NCWB and Ni/Si-Al were significantly lower. Among all reaction temperatures, the 
H2SO4 catalyzed reaction showed the lowest acid value at the lowest reaction temperature 
of 90 °C. With respect to acid value, three types of catalyst performed differently at the 





Figure 8 The mean response plot for acid value of 1-butanol esterified bio-oil at 
three reaction temperature levels (90, 120, and 150 °C) and three type 
catalyst levels (NCWB, H2SO4, and Ni/Si-Al). 
 
The mean acid values for each 1-butanol esterified bio-oil analyzed by ANOVA 
Model 2 are given in Table 12. Different letters indicate any significant difference 
between treatments. The Ni/Si-Al treatments had the highest acid value among all 
treatments, acid value of H2SO4 treatments were significantly lower than other treatments 
at 56.2, 61.1, and 64.9 mg KOH/g for 90, 120, and 150 °C reaction time. The 





Table 12 Comparison of means test results 1) for the acid value of 1-butanol batch 
esterification treatment. 
 Reaction temperature (°C) Acid value (mg KOH/g) 
NCWB 90 69.6 b 
120 67.3 c 
150 69.8 b 
H2SO4 90 56.2 f 
120 61.1 e 
150 64.9 d 
Ni/Si-Al 90 74.8 a 
120 75.8 a 
150 73.7 a 
1) Different letters to the right of acid value indicate significant difference between 
treatments. 
In the Model 3 ANOVA the two-term interaction variable, catalyst type and 
reaction temperature in the ANOVA with water content as the dependent variable was 
found to be significant in relation to water content. In this situation it is required that 
examination of the independent variables be examined empirically to elucidate the 
interaction cause or causes. 
The mean response plot for water content of 1-butanol esterified organic oil phase 
at three temperatures (90, 120, and 150 °C) and three types of catalyst (NCWB, H2SO4, 
and Ni/Si-Al) is shown in Figure 9. For 90 °C, the H2SO4 catalyzed treatment had the 
lowest water content of 17.9 wt% compared to 20.2 wt% for Ni/Si-Al and 24.9 wt% for 
the NCWB treatment. For120 °C, the water content of the H2SO4 and Ni/Si-Al catalyzed 
treatment had no significant difference at 17.1and 17.3 wt% compared to 19.0 wt% for 
NCWB treatment. Again for 150 °C, the water content of H2SO4 and Ni/Si-Al catalyzed 
treatment had no significant difference at 13.7 and 13.9 wt% compared to 14.7 wt% for 




Figure 9 The mean response plot for water content of 1-butanol esterified bio-oil at 
three reaction temperature levels (90, 120, and 150 °C) and three type 
catalyst levels (NCWB, H2SO4, and Ni/Si-Al). 
 
Given in Table 13, ANOVA Model 2 was employed to analyze the mean water 
content of the organic oil and aqueous phases of 1-butanol batch esterified treatments. 
Different letters indicate any significance of difference between treatments. As 
temperature increased, at 120 and 150 °C, the water content of the organic oil phase 
resulting from application of homogenous and heterogeneous catalyzed treatments 
showed no significant difference; the NCWB treatment had a significantly higher water 
content compared to the catalyzed reaction treatments. The water content of the organic 
oil phase also indicated how much water had been separated from the reaction. The 
NCWB had the highest water content showing that both the homogenous and 
heterogeneous catalysts helped force water out of the organic phase. For the same catalyst 
type, as reaction temperature increased from 90 to 150 °C, the water content of the 
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aqueous phase increased. For the same reaction temperature, the H2SO4 treatment had the 
highest aqueous phase water content.  
Table 13 Comparison of means test results 1) for the water content value of 1-butanol 
batch esterification treatment. 
Catalyst Reaction temperature 
(°C) 
Organic oil phase 
water content (wt%) 
Aqueous phase water 
content (wt%) 
NCWB 90 24.9 a 40.4 h 
120 19.0 a 44.3 e 
150 14.7 f 53.9 c 
H2SO4 90 17.9 d 47.6 f 
120 17.1 e 50.6 d 
150 13.7 g 66.6 a 
Ni/Si-Al 90 20.2 b 42.2 g 
120 17.3 de 49.2 d 
150 13.9 g 60.1 b 
1) Different letters to the right of the organic and aqueous phases water content indicate 
any significant difference between treatments. 
The Model 3 two-term interaction variable, catalyst type and reaction temperature 
in the ANOVA was found to be significant in relation to viscosity. In this situation it is 
required that examination of the independent variables be examined empirically to 
elucidate the interaction cause or causes. 
The mean response plot for viscosity of 1-butanol esterified bio-oil at three 
temperatures (90, 120, and 150 °C) and three types of catalyst (NCWB, H2SO4, and 
Ni/Si-Al) is shown in Figure 10. For 90 °C, the viscosity of all types of catalyst were all 
at relatively low levels, with the lowest viscosity of 8.5 cSt observed for the NCWB 
treatment, 9.2 cSt for the Ni/Si-Al treatment, and 10.0 cSt for the H2SO4 treatment. As 
temperature increased to 150 °C, the viscosity of the H2SO4 catalyzed treatment increased 
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dramatically to 32.3 cSt, while the NCWB treatment and Ni/Si-Al treatment increased to 
only 17.5 and 17.0 cSt.  
 
Figure 10 The mean response plot for viscosity of 1-butanol esterified bio-oil at three 
reaction temperature levels (90, 120, and 150 °C) and three type catalyst 
levels (NCWB, H2SO4, and Ni/Si-Al). 
 
Table 14 gives the mean viscosity of each of the 1-butanol treatments analyzed by 
ANOVA Model 2; different letters indicate any significant of difference between 
treatments. For the same catalyst type, the 150 °C reaction treatments had higher 
viscosities compared to 120 and 90 °C treatments. At the same reaction temperature, the 
H2SO4 treatments showed the highest viscosities among the three types of catalysts at 
10.0, 13.3, and 32.2 cSt for 90, 120, and 150 °C reaction temperatures, respectively. The 
NCWB treatments had significantly lower viscosities at reaction temperatures of 90 and 
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120 °C at 8.5 and 9.8 cSt, respectively. At 150 °C, the Ni/Si-Al had the significantly 
lowest viscosity at 17.0 cSt.  
Table 14 Comparison of means test results 1) for the viscosity values of 1-butanol 
batch esterification reaction treatment. 
Catalyst Reaction temperature 
(°C) 
Viscosity (cSt) 
NCWB 90 8.5 i 
120 9.8 g 
150 17.6 b 
H2SO4 90 10.0 f 
120 13.3 d 
150 32.2 a 
Ni/Si-Al 90 9.2 h 
120 10.4 e 
150 17.0 c 
1) Different letters to the right of the viscosity values indicate significant difference 
between treatments. 
The Model 2 two-term interaction variable, catalyst type and reaction temperature 
in the ANOVA was found to be significant in relation to HHV. In this situation it is 
required that examination of the independent variables be examined empirically to 
elucidate the interaction cause or causes. 
The mean response plot for HHV of 1-butanol esterified bio-oil at three 
temperatures (90, 120, and 150 °C) and three types of catalyst (NCWB, H2SO4, and 
Ni/Si-Al) is shown in Figure 11. With increase of reaction temperature, the HHVs 
increased for all treatments types. For 90 °C, the HHVs for the NCWB, H2SO4 catalyzed, 
and Ni/Si-Al catalyzed reactions were 20.0, 23.5, and 21.3 MJ/kg, respectively. For 120 
°C, the H2SO4 catalyzed reaction showed the highest HHV of 24.0 MJ/kg. At 150 °C, the 
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HHVs for NCWB, H2SO4 catalyzed, and Ni/Si-Al catalyzed were 25.4, 26.0, and 25.1 
MJ/kg, respectively.  
 
Figure 11 The mean response plot for HHV of 1-butanol esterified bio-oil at three 
reaction temperature levels (90, 120, and 150 °C) and three type catalyst 
levels (NCWB, H2SO4, and Ni/Si-Al). 
 
The mean HHVs for each 1-butanol treatment analyzed by ANOVA Model 2 are 
given in Table 15 with different letters indicating any significant difference between 
treatments. The treatments performed at 150 °C had the highest HHV. The highest HHV 
was the H2SO4 catalyzed reaction at 150 °C. The HHVs decreased with the decrease of 
the reaction temperature. The 90 °C NCWB treatments had the lowest HHV at 20.0 
MJ/kg. For the same catalyst type, the higher reaction temperature treatments had lower 
water content in the organic phase, because more water was separated from the organic 
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oil phase into the aqueous phase. For this reason, the HHVs for the organic oil phase 
were higher. 
Table 15 Comparison of means test results 1) for the HHV of 1-butanol batch 
esterification treatment. 
Catalyst Reaction temperature 
(°C) 
HHV (MJ/kg) 
NCWB 90 20.0 h 
120 23.0 f 
150 25.4 b 
H2SO4 90 23.5 e 
120 24.0 d 
150 25.9 a 
Ni/Si-Al 90 21.3 g 
120 23.4 e 
150 25.1 c 
1) Different letters to the right of the HHV values indicate significant difference between 
treatments. 
Because the ANOVA results showed that the 1-butanol esterification reaction had 
significant interaction in terms of acid value, water content, viscosity, and HHV, further 
examination is required to find the optimal reaction condition. For 1-butanol 
esterification reactions, the two-phase products were produced after the reaction with a 
top organic oil phase and a bottom aqueous phase. Bio-oil was esterified with 20 wt% of 
1-butanol at three reaction temperatures (90, 120, and 150 °C) with three catalysts 
(NCWB, H2SO4, and Ni/Si-Al). At the same reaction temperature, the H2SO4 catalyzed 
reactions had the lowest acid value, water content, and higher HHVs compared with other 
treatments. For the H2SO4 catalyzed treatment with increased reaction temperature from 
90 to 150 °C, HHV increased from 22.4 to 26.0 MJ/kg and the water content decreased 
from 19.0 to13.7 wt%. However, the viscosities of the H2SO4 catalyzed reactions were 
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significantly higher especially at 150 °C (32.2 cSt). At 120 °C, the viscosity of the H2SO4 
catalyzed reaction was 13.3 cSt, which was 60% lower than the 150 °C H2SO4 catalyzed 
treatment. For the 120 °C H2SO4 catalyzed treatment, a relatively lower the acid value 
(62.7 mg KOH/g), water content (20.2 wt%), and viscosity (13.3 cSt), as well as 
relatively higher HHV (24.0 MJ/kg) were produced compared to other catalyst types 
treatments.  
Stability study of methanol esterified bio-oil 
As shown previously, the 20 wt% methanol treatments had significantly better 
quality compared to 10 wt% methanol treatments, thus, the stability studies were only 
performed on the 20 wt% methanol esterified treatments. The stability test procedure 
utilized accelerated aging at 80 °C for 24 h while acid value, water content, viscosity 
value, and HHV were tested at 6, 12, 18, and 24 h of aging time. 
For the accelerated aging test, the Model 4 ANOVA three-way interaction 
variable representing aging time, reaction time and reaction temperature was found to 
have no significant interaction in relation to acid value. However, the two-way interaction 
terms of reaction time by reaction temperature and reaction temperature by aging time 
were significant. Thus, it is required that examination of the independent variables be 
performed empirically to elucidate the interaction cause or causes. 
To analyze the meaning of the two-way interaction terms it was necessary to 
employ two two-dimensional plots of acid value for each of the two reaction time levels 
(1 and 2 h) in relation to aging time and reaction temperature influence. The acid value of 
methanol treatments at low reaction time (1 h) was influenced by reaction time and aging 
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time as shown in Figure 12. The Figure 12 data show that acid value decreased 
differentially over equal time periods in relation to reaction temperature. The acid value 
of the low reaction temperature (70 °C) for the short reaction time (1 h) decreased from 
45.7 to 44.1 mg KOH/kg during the 24 h accelerated aging. By contrast, at the same 
reaction time, the high reaction temperature (90 °C) treatment decreased from 44.3 to 
42.9 mg KOH/g. At the same reaction time (1 h), the acid value of the low reaction 
temperature was higher compared to the high reaction temperature treatment among all 
aging periods. For the high reaction temperature treatment, the acid value at 6 h of aging 
time increased but had no significant change compared to the initial value. The low 
reaction temperature treatment showed a decreasing trend with aging time for all aging 
periods. 
 
Figure 12 The mean response plot of acid values for methanol esterified bio-oil 
produced at 1 h reaction time and two reaction temperature levels (70 and 




The acid values of methanol treatment reactions at 90 °C influenced by reaction 
time and aging time are shown in Figure 13. The Figure 13 data show that acid value 
decreased differentially over equal time periods in relation to reaction time levels. The 
acid value of the long reaction time (2 h) at low reaction temperature (70 °C) decreased 
from 44.3 to 42.8 mg KOH/kg during the 24 h accelerated aging. At the same reaction 
time, the high reaction temperature (90 °C) treatment decreased from 42.3 to 40.5 mg 
KOH/g. For the 70 °C treatment, the acid value decreased faster during the first 6 h of 
aging, whereas the acid value of the 90 °C treatment decreased gradually within each 
aging period. 
 
Figure 13 The mean response plot of acid value for the methanol esterified treatments 
at 2 h reaction time and at two reaction temperature levels (70 and 90 °C) 




The acid value rate of change of the raw bio-oil and methanol esterified 
treatments are given in Table 16 analyzed by ANOVA Model 2. The acid value of the 
raw bio-oil had an increased acid value rate of change of 0.67, 0.43, 0.31, and 0.23 mg 
KOH/g/h for 6, 12, 18, and 24 h aging periods, respectively. The acid values of the 
methanol esterified treatments were all lower compared to the raw bio-oil. From Tab 16, 
at the same reaction time, the low reaction temperature treatments had faster acid value 
rates of change compared to high reaction temperature treatments at 6, 12, and 18 h aging 
periods. At the same reaction temperature, the short reaction time had faster acid value 
rate of change compared to the long reaction time treatments for 6, 12, and 18 h aging. At 
the higher reaction temperature and longer reaction time, esterified treatments were closer 
to equilibrium compared to lower reaction temperature treatments and short reaction time 
treatments; therefore, the rate of change will be slower at higher reaction temperatures 
and longer reaction times. At the 24 h aging periods, the acid value rate of change for all 
methanol esterified treatments did not differ significantly. 
Table 16 Comparison of means test results1) within each aging period for the acid 
value rate of change (mg KOH/g/h) for raw and methanol esterified bio-oil 
aging at 80 °C for 6, 12, 18, and 24 h. 
Treatment 6 h (mg 
KOH/g/h) 
12 h (mg 
KOH/g/h) 
18 h (mg 
KOH/g/h) 
24 h (mg 
KOH/g/h) 
Raw bio-oil 0.67 a 0.43 a 0.31 a 0.23 a 
70 °C 1 h -0.08 c -0.09 c -0.08 c -0.07 b 
70 °C 2 h -0.19 d -0.11 d -0.08 c -0.06 b 
90 °C 1 h  0.04 b -0.03 b -0.06 b -0.06 b 
90 °C 2 h -0.03 bc -0.04 b -0.05 b -0.07 b 




The acid values of raw bio-oil and methanol esterified bio-oil before and after 
accelerated aging tests are shown graphically in Figure 14. The histograms for each 
treatment combination are provided for initial and subsequent (6, 12, 18, and 24 h) aging 
periods. The results of the Model 5 ANOVA are provided as letters above each period’s 
histogram with different letters indicating a significant difference between aging period 
results. These results show that for raw bio-oil the acid value for accelerated aging 
periods increased above that for the initial condition. However, for methanol esterified 
treatments, the acid value decreased with aging time without exception. After 6 h of 
aging at 80 °C, all acid values of methanol esterified treatments were significantly lower 
compared to the initial acid values.  
 
Figure 14 Comparison of means test results1) for the acid value of raw and methanol 
esterified bio-oil after aging at 80 °C for 6, 12, 18, and 24 h.  




For the accelerated aging test, the Model 4 ANOVA, the three-way interaction 
variable representing aging time, reaction time and reaction temperature had significant 
interaction in relation to water content. Thus, it is required that examination of the 
independent variables be performed empirically to elucidate the interaction cause or 
causes. 
To analyze the meaning of the three-way interactions terms it was necessary to 
employ two two-dimensional plots of water content for each of the two reaction time 
levels (1 and 2 h) in relation to aging time and reaction time influence. The water content 
of methanol treatments at low reaction time (1 h) was influenced by reaction time and 
aging time as shown in Figure 15. The Figure 15 data show that water content decreased 
differentially over equal time periods in relation to reaction temperature. The water 
content of the low reaction temperature (70 °C) for the short reaction time (1 h) period 
increased from 24.9 to 27.8 wt% during the 24 h accelerated aging. For the high reaction 
temperature (90 °C) treatment water content increased from 26.5 to 28.5 wt%. Therefore 
at the same reaction time (1 h), the water content produced by the low reaction 
temperature was lower compared to the high reaction temperature treatment for all aging 
periods. For the high reaction temperature treatment it appears that more complete 
esterification occurred with additional water as a byproduct of the reaction. Thus, the 




Figure 15 The mean response plot of water content of methanol esterified bio-oil 
produced at 1 h reaction time and two reaction temperature levels (70 and 
90 °C) and aging for five levels (initial, 6, 12, 18, and 24 h). 
 
The water contents of methanol treatments at 90 °C as influenced by reaction time 
and aging time are shown in Figure 16. The Figure 16 data show that water content 
decreased differentially over equal time periods in relation to reaction time levels. The 
water content of the long reaction time (2 h) at low reaction temperature (70 °C) 
decreased from 24.9 to 27.8 wt% during the 24 h accelerated aging. For the same reaction 
time, the high reaction temperature (90 °C) treatment decreased from 26.2 to 27.4 wt%. 
For the 70 °C treatment, the water content increased faster during the first 12 h of aging, 
whereas the water content of the 90 °C treatment increased gradually within each aging 
period. The water content of the 70 °C treatment was lower compared to the 90 °C 




Figure 16 The mean response plot of water content of the methanol esterified 
treatments at 2 h reaction time and at two reaction temperature levels (70 
and 90 °C) and five aging time levels (initial, 80 C 6, 12, 18, and 24 h). 
 
The water content rates of change of the raw bio-oil and methanol esterified 
treatments analyzed by ANOVA Model 2 are given in Table 17. The rate of change of the 
water content of the raw bio-oil had a decreased rate of 0.02 and 0.01 wt %/h for 6 and 12 
h aging periods but had an increased rate of change at 0.02 and 0.03 wt%/h for 18 and 24 
h aging, respectively. However, the water content of the methanol treatments all 
increased as the time periods increased. For all aging periods, the 90 °C treatment with 2 
h reaction time treatment had the slowest water content rate of change among all 
treatments. For the 6 h aging period, the 90 °C treatment with 1 h reaction time had the 
highest water content rate of change of 0.37 wt%/h. For the 12 h of aging period, the 70 
°C treatment for 1 and 2 h reaction times and the 90 °C temperature treatment for 1 h 
reaction treatments did not differ significantly. For 18 h of aging and 1 h reaction time 
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both 70 and 90 °C temperature treatments had higher water content rates of change with 
no significant difference between each other. For the 24 h aging period, the water content 
rates of change were significantly higher for the 70 °C treatments as compared to the 90 
°C treatments. 
Table 17 Comparison of means test results1) within each aging period for the water 
content rate of change (wt%/h) of raw and methanol batch esterified bio-oil 
aging at 80 °C for 6, 12, 18, and 24 h. 
Treatment 6 h (mg 
KOH/g/h) 
12 h (mg 
KOH/g/h) 
18 h (mg 
KOH/g/h) 
24 h (mg 
KOH/g/h) 
Raw bio-oil 0.67 a 0.43 a 0.31 a 0.23 a 
70 °C 1 h -0.08 c -0.09 c -0.08 c -0.07 b 
70 °C 2 h -0.19 d -0.11 d -0.08 c -0.06 b 
90 °C 1 h  0.04 b -0.03 b -0.06 b -0.06 b 
90 °C 2 h -0.03 bc -0.04 b -0.05 b -0.07 b 
1) Different letters to the right of the periodic water content rate of change indicate any 
significant difference between treatments. 
The water contents of raw bio-oil and methanol esterified bio-oil before and after 
accelerated aging tests are shown graphically in Figure 17. The histograms for each 
treatment combination are provided for initial and subsequent (6, 12, 18, and 24 h) aging 
periods. The results of the Model 5 ANOVA are provided as letters above each period’s 
histogram with different letters indicating a significant difference between aging period 
results. These results show that for raw bio-oil the water content for accelerated aging 
periods did change significantly over time with respect to the initial value. However, for 
the methanol esterified treatments, water content values all increased with aging time 
with respect to the initial water content value. Despite the increase in water content 
values over time, the methanol esterified bio-oil treatments had lower water content 
compared to raw bio-oil. Comparing Figure 14 acid value results to those of Figure 17 for 
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water content result, we see that the water content increase is the inverse of the acid value 
decrease. This is expected as the continuing esterification reaction produces water and 
lowers acid value as it proceeds. 
 
Figure 17 Comparison of means test results1) for the water content of raw and 
methanol esterified bio-oil after aging at 80 °C for 6, 12, 18, and 24 h. 
1) Different letters above the periodic water content values indicate any significant 
difference between aging periods. 
For the accelerated aging test, the Model 4 ANOVA, the three-way interaction 
variable representing aging time, reaction time, and reaction temperature was found to be 
significant in relation to viscosity. Thus, it is required that examination of the 
independent variables be performed empirically to elucidate the interaction cause or 
causes.  
To analyze the meaning of the three-way interactions terms it was necessary to 
employ two two-dimensional plots of viscosity for each of the two reaction time levels (1 
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and 2 h) in relation to aging time and reaction time influence. The viscosity of methanol 
treatments at short reaction time (1 h) was influenced by reaction time and aging time as 
shown in Figure 18. The Figure 18 data show that viscosity increased differentially over 
equal time periods in relation to reaction temperature. For 70 °C treatments, the viscosity 
was lower compared to 90 °C treatments for all aging periods with the exception that, for 
the 12 h aging period, the viscosity of both 70 and 90 °C treatments were similar. Even 
though the water content of methanol esterified bio-oil increased with aging time, the 
viscosity also increased. This would not be expected if the only change in the bio-oil was 
production of additional water via the esterification reaction. Additional water would 
reduce the viscosity, all else equal. It is clear, that in addition to water increase during 
esterification, polymerization of bio-oil components occurred over time. 
 
Figure 18 The mean response plot of viscosity of methanol esterified bio-oil produced 
at 1 h reaction time and two reaction temperature levels (70 and 90 °C) and 




The viscosity of methanol treatments for the long reaction time (2 h) was 
influenced by reaction time and aging time as shown in Figure 19. The Figure 19 data 
show that viscosity increased differentially over equal time periods in relation to reaction 
temperature. For 70 °C treatments, the viscosity was slightly lower compared to 90 °C 
treatments for the time period between initial and 12 h of aging. From 18 to 24 h of 
aging, the viscosity of 70 °C treatments decreased slightly whereas the viscosity of the 90 
°C treatment increased. 
 
Figure 19 The mean response plot of viscosity of methanol esterified bio-oil produced 
at 2 h reaction time and two reaction temperature levels (70 and 90 °C) and 
aging for five levels (initial, 6, 12, 18, and 24 h). 
 
The viscosity rate of change of the raw bio-oil and methanol esterified treatments 
analyzed by ANOVA Model 2 are given in Table 18. All viscosities for all treatments 
increased over the 24 h aging period as compared to the initial value. The viscosity of the 
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raw bio-oil had the relatively smallest change for the 6, 12, 18, and 24 h aging. The 
viscosity rates of change of the methanol treatments, as compared to the initial value, 
were higher than for raw bio-oil. 
Table 18 Comparison of means test results1) within each aging period for the viscosity 
rate of change (cSt/h) of raw and methanol esterified bio-oil aging at 80 °C 
for 6, 12, 18, and 24 h. 
Treatment 6 h (cSt/h) 12 h (cSt/h) 18 h (cSt/h) 24 h (cSt/h) 
Raw bio-oil 0.04 d 0.01 e 0.01 d 0.03 e 
70 °C 1 h 0.07 c 0.06 a 0.07 c 0.07 c 
70 °C 2 h 0.09 b 0.06 b 0.09 b 0.06 d 
90 °C 1 h 0.11 a 0.05 c 0.09 b 0.08 b 
90 °C 2 h 0.07 c 0.04 d 0.09 a 0.10 a 
1) Different letters to the right of the periodic viscosity rate of change values indicate any 
significant of difference between treatments. 
The viscosity of raw bio-oil and methanol esterified bio-oil before and after 
accelerated aging tests are shown graphically in Figure 20. The histograms for each 
treatment combination are provided for initial and subsequent (6, 12, 18, and 24 h) aging 
periods. The results of the Model 5 ANOVA are provided as letters above each period’s 
histogram with different letters indicating a significant difference between aging period 
results. The viscosity of aged bio-oil was significantly higher compared to initial values 
for each set of conditions applied. For 6, 12, and 18 h of aging, the viscosities of raw bio-
oil did not change significantly. After aging for 24 h, the viscosity of raw bio-oil 
increased significantly compared with other aging periods. The methanol esterified bio-




Figure 20 Comparison of means test results1) for the viscosity of raw and methanol 
esterified bio-oil after aging at 80 °C for 6, 12, 18, and 24h. 
1) Different letters above the above the histograms indicate significant difference between 
aging periods. 
The accelerated aging test for methanol esterification reaction treatments were 
performed at 80°C. The acid value, water content, viscosity, and HHV of each treatment 
were tested at initial, 6, 12, 18, and, 24 h. Due to the low esterification product quality for 
the 10 wt% methanol treatments, the accelerated aging tests were performed only for the 
20 wt% methanol treatments. For all 20 wt% treatments, the three-way interaction terms 
of aging time, reaction temperature, and reaction time significantly interacted for the acid 
value, water content, viscosity, and HHV variables. Thus, to identify the optimal reaction 
condition, further examination was required. For most treatments, the most severe 
chemical and physical aging occurred during the first 6 h. At the end of the 24 h aging 
period, the 70 °C 1 h treatment still had slightly lower water content value (27.8 wt%), 
lower viscosity (6.0 cSt), and higher HHV (16.7 MJ/kg). The acid value was 3.12 mg 
 
59 
KOH/g higher compared to the 90 °C 2 h treatment. These results show that the 70 °C 1 h 
reaction with 20 wt% of methanol and 0.2 wt% of H2SO4 was superior not only in 
product properties but in stability during accelerated aging. 
Stability study of 1-butanol esterified bio-oil 
Based on the previous results described in the 1-butanol batch esterification 
discussion, the 1-butanol treatments at 120 °C had significantly lower viscosity than for 
the 150 °C treatments. The result for the 150 °C treatments by catalyst type NCWB, 
Ni/Si-Al, and H2SO4 were 17.6, 17.0, and 32. 2 cSt, respectively. The 120 °C 
corresponding viscosity for the same catalyst were 9.8, 10.4, and 13.3 cSt. These values 
were 44.4, 39.0, and 58.9% lower than the 150 °C treatments. The 120 °C treatment also 
had lower acid values and only slightly higher water content and slightly lower HHV 
compared to the 150 °C treatments. Therefore, the stability studies were only performed 
on the 120 °C 1-butanol esterified treatments. The stability test procedure utilized 
accelerated aging at 80 °C for 24 h with acid value, water content, viscosity values, and 
HHV determined at the initial, 6, 12, 18, and 24 h of aging time. 
For the accelerated aging test, the Model 6 ANOVA results showed that the two-
way interaction variable, representing aging time and catalyst type, was significant in 
relation to acid value. Thus, it is required that examination of the independent variables 
be performed empirically to elucidate the interaction cause or causes. The acid values of 
1-butanol treatments influenced by catalyst types and aging time are shown in Figure 21. 
The Figure 21 data show that acid value decreased differentially over equal time periods 
in relation to catalyst types applied. The acid value of the NCWB decreased from 67.2 to 
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60.2 mg KOH/kg during the 24 h accelerated aging. At the same reaction temperature, 
the H2SO4 catalyzed treatment decreased from 62.7 to 56.2 mg KOH/g; the Ni/Si-Al 
treatment acid value decreased from 75.8 to 69.7 mg KOH/g. 
 
Figure 21 The acid value mean response plot of non-catalyzed with 1-butanol 
(NCWB), H2SO4, and Ni/Si-Al catalyzed reaction during the 24 h aging. 
 
The acid value rates of change of the raw bio-oil and 1-butanol esterified 
treatments analyzed by ANOVA Model 2 are given in Table 19. The acid value of the 
raw bio-oil had increased at a decreasing rate of change of 0.67, 0.43, 0.31, and 0.23 mg 




Table 19 Comparison of means test results1) within each aging period for the acid 
value rate of change (mg KOH/g/h) of raw bio-oil, no catalyst with 1-
butanol (NCWB), H2SO4 catalyzed, and Ni/Si -Al catalyzed esterification oil 
aging at 80 °C for 6, 12, 18, and 24 h. 
Treatment 6 h (mg 
KOH/g/h) 
12 h (mg 
KOH/g/h) 
18 h (mg 
KOH/g/h) 
24 h (mg 
KOH/g/h) 
Raw bio-oil 0.67 a 0.43 a 0.31 a 0.23 a 
NCWB -1.00 d -0.47 c -0.35 c -0.29 c 
H2SO4 -0.82 c -0.43 c -0.37 c -0.27 bc 
Ni/Si-Al   -0.41 b -0.27 b -0.25 b -0.25 b 
1) Different letters to the right of the rate of change value indicate significant difference 
between treatments. 
The H2SO4 treatment acid values decreased at a decreasing rate with acid value 
rate of change of -0.82,-0.43, -0.37, and -0.27 mg KOH/g/h. The NCWB catalyst 
treatment acid values also decreased at a decreasing rate (-1.0, -0.17, -0.35, and -0.23 mg 
KOH/g/h). And it did not differ from the H2SO4 treatment except for having a slightly 
higher acid value rate change for the 6 h period. The H2SO4 and NCWB catalyst 
performed similarly with respect to rate of change in acid value over time and had a 
significantly faster decreasing acid value rate of change that raw bio-oil and Ni/Si-Al. 
Therefore, the H2SO4 and NCWB treatments performed similarly and reduced acid value 
over time at a significantly different rate than Ni/ Si-Al. 
The acid values of raw bio-oil and 1-butanol esterified bio-oil during accelerated 
aging tests are shown graphically in Figure 22. The histograms for each treatment 
combination are provided for initial and subsequent (6, 12, 18, and 24 h) aging periods. 
The results of the Model 6 ANOVA are provided as letters above each period histogram 




Figure 22 Comparison of means test results1) for the acid value of raw bio-oil, no-
catalyzed with 1-butanol (NCWB), H2SO4, and Ni/Si-Al catalyzed reaction 
at initial and after aging for 6, 12, 18, and 24 h at 80 °C.  
1) Different letters above the histograms indicate any significant difference between aging 
periods. 
These results show that for raw bio-oil the acid value for accelerated aging 
periods increased above that for the initial condition; however, for 1-butanol esterified 
treatments, the acid value decreased with aging time. After 6 h of aging at 80 °C, all acid 
values of 1-butanol esterified treatments were significantly lower compared with the 
initial acid values. Due to the alcohol and/or alcohol and catalyst addition, the esterified 
treatments continued to undergo esterification and subsequent periodic acid values 
decreased from the initial value; there was also a general decrease over time, but only the 
Ni/Si-Al treatment led to significant acid value decrease over each period of aging. 
However, both the raw bio-oil and Ni/Si-Al treatments produced acid values notably 
higher than the NCWB and H2SO4 treatments. 
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For the accelerated aging test, the Model 6 ANOVA results showed that the two-
way interaction variable representing aging time and catalyst type was significant in 
relation to water content. Thus, it is required that examination of the independent 
variables be performed empirically to elucidate the interaction cause or causes. The water 
contents of 1-butanol treatments influenced by catalyst types and aging time are shown in 
Figure 23. The Figure 23 data show that water content decreased differentially over equal 
time periods in relation to catalyst wt% levels. The water content of the raw bio-oil 
decreased from 19.0 to 16.5 wt% during the 24 h accelerated aging period. At the same 
reaction temperature, the H2SO4 catalyzed treatment decreased from 17.3 to 14.8 wt%. 
The Ni/Si-Al treatment decreased from 17.3 to 16.9 wt%. For the first 6 h of aging at 80 
°C, the water content of all treatments decreased. Because H2SO4 is a homogenous 
catalyst, for the H2SO4 catalyzed treatment, the esterification reaction had a higher 
reaction rate and reduced water content to a higher degree. This result confirms the water 
content results for NCWB and Ni/Si-Al which differ little between themselves by period 




Figure 23 The water content mean response plot of non-catalyzed with 1-butanol 
(NCWB), H2SO4, and Ni/Si-Al catalyzed reaction during the 24 h aging. 
 
The water content rates of change for the raw bio-oil and 1-butanol esterified 
treatments are given in Table 20 compared to other treatments. The water content of the 
raw bio-oil had a significantly slower decrease in water content rates of change of -0.02 
and -0.01 wt%/h for 6 and 12 h aging periods and a significantly increasing rate of 
change of 0.02 and 0.03 wt%/h for the 18 and 24 h aging periods, respectively. By 
contrast, the water content rates of change of the 1-butanol treatments all decreased 
significantly.  
The H2SO4 treatment had the fastest water content rate of change decrease over 
time. The H2SO4 treatment water content decreased at a decreasing rate with periodic 
water content rate of change of -0.50, -0.21, -0.15, -0.11 wt%/h. The NCWB treatment 
also decreased at a decreasing rate (-0.26, -0.20, -0.14, and -0.11 wt%/h) and did not 
differ from the H2SO4 treatment except for the 6 h treatment for which it had 
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approximately 0.24 wt% higher in the rate of change. The H2SO4 and NCWB treatment 
performed similarly with respect to water content rate of change over time and decreased 
in water content significantly more than for raw bio-oil and Ni/Si-Al treatments. 
Therefore, the H2SO4 and NCWB performed similarly and reduced water content over 
time at significantly faster rate of change than other treatments.  
Table 20 Comparison of means test results1) within each aging period for the water 
content rate of change (wt%) of raw bio-oil, no catalyst with 1-butanol 
(NCWB), H2SO4 catalyzed, and Ni/Si-Al catalyzed esterification oil aging 
at 80 °C for 6, 12, 18, and 24 h. 
Treatment 6 h (wt%/h) 12 h (wt%/h) 18 h (wt%/h) 24 h (wt%/h) 
Raw bio-oil  -0.02 a -0.01 a 0.02 a 0.03 a 
NCWB -0.26 b -0.20 b -0.14 c -0.11 c 
H2SO4 -0.50 c -0.21 b -0.15 c -0.11 c 
Ni/Si-Al   -0.06 a -0.04 a -0.03 b -0.02 b 
1) Different letters to the right of indicate significant differences between treatments. 
The water content of raw bio-oil and 1-butanol esterified bio-oil before and after 
accelerated aging tests are shown graphically in Figure 24. The histograms for each 
treatment combination are provided for initial and subsequent (6, 12, 18, and 24 h) aging 
period. The results of the Model 5 ANOVA are provided as letters above each period 
histogram with different letters indicating a significant difference between aging period 
results. These results show that for raw bio-oil and the Ni/Si-Al catalyzed reaction there 
was no significant change in water content for accelerated aging periods. However, for 
the first 6 h of aging, NCWB and H2SO4 treatments, the water content decreased 
significantly. Also, the NCWB treatment water content decreased significantly for the 12 
h treatment. The raw bio-oil water content was roughly twice as high as the other 
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treatments, which had roughly similar means. For 12, 18, and 24 h of aging at 80 °C, the 
H2SO4 treatment did not change significantly with respect to water content. 
 
Figure 24 Comparison of means test results1) for the water content of raw bio-oil, no-
catalyzed with 1-butanol (NCWB), H2SO4, and Ni/Si-Al catalyzed reaction 
at initial and after aging for 6, 12, 18, and 24 h at 80 °C. 
1) Different letters above the histograms indicate significant difference between aging 
periods. 
For the accelerated aging test, analyzed by the Model 6 ANOVA, the two-way 
interaction variable representing aging time, and catalyst type was found to be significant 
in relation to viscosity. Thus, it is required that examination of the independent variables 
be performed empirically to elucidate the interaction cause or causes. The viscosity of 1-
butanol treatments influenced by catalyst types and aging time is shown in Figure 25. The 
Figure 25 data show that viscosity decreased differentially over equal time periods in 
relation to catalyst types. The viscosity of the NCWB treatment increased from 9.8 to 
11.5 cSt during the 24 h accelerated aging. At the same reaction temperature, the H2SO4 
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catalyzed treatment increased from 13.3 to 15.2 cSt; the Ni/Si-Al treatment decreased 
from 10.4 to 11.1 cSt. Visually and numerically, it is clear that the H2SO4 treatment 
increased viscosity by the greatest percentage, compared to the other two treatments. The 
likely explanation for higher viscosity of the H2SO4 treatment is the lower water content 
produced as discussed for Figure 24. This supposition that viscosity is related to water 
content is strengthened by the fact that the Figure 24 water content values for NCWB and 
Ni/Si-Al are virtually equal as shown in Figure 25. 
 
Figure 25 The viscosity mean response plot of non-catalyzed with 1-butanol 
(NCWB), H2SO4, and Ni/Si-Al catalyzed reaction during the 24 h aging. 
 
The viscosity rates of change of the raw bio-oil and 1-butanol esterified 
treatments analyzed by ANOVA Model 2 are given in Table 21. All viscosities for all 
treatments increased over the 24 h aging period. The viscosity of the raw bio-oil had the 
relatively smallest change for the 6, 12, 18, and 24 h aging. The viscosities of all 1-
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butanol treatments were higher than for raw bio-oil and generally increased at a 
decreasing rate. At the first 6 h of aging, the viscosity of the NCWB, H2SO4 and Ni/Si-Al 
treatments increased by 0.19, 0.25, and 0.1 cSt/h. The H2SO4 catalyzed treatment had the 
significantly highest increase in viscosity for all but the 12 h aging period. Again, this 
was likely due to the H2SO4 treatments reducing the water content of the treated product 
below that for other treatments. 
Table 21 Comparison of means test results1) within each aging period for the viscosity 
rate of change (cSt/h) of raw bio-oil, no catalyst with 1-butanol (NCWB), 
H2SO4, and Ni/Si-Al catalyzed esterified oil at 80 °C for 6, 12, 18, and 24 h. 
Treatment 6 h (cSt/h) 12 h (cSt/h) 18 h (cSt/h) 24 h (cSt/h) 
Raw bio-oil 0.04 d 0.01 d 0.01 d 0.02 d 
NCWB 0.19 b 0.11 a 0.08 b 0.07 b 
H2SO4 0.25 a 0.08 b 0.10 a 0.08 a  
Ni/Si-Al  0.10 c 0.05 c 0.04 c 0.03 c 
1) Different letters to the right of the viscosity rate of change values indicate any 
significant of difference between treatments. 
The viscosity of raw bio-oil and 1-butanol esterified bio-oil before and after 
accelerated aging tests are shown graphically in Figure 26. The histograms for each 
treatment combination are provided for initial and subsequent (6, 12, 18, and 24 h) aging 
periods. The results of the Model 5 ANOVA are provided as letters above each period 
histogram with different letters indicating a significant difference between aging period 
results. The viscosity of aged bio-oil all had significantly higher values compared to 
initial values. For 6, 12, and 18 h of aging, the viscosities of raw bio-oil did not change 
significantly. After aging for 24 h, the viscosity of raw bio-oil increased significantly 
compared to other aging periods. The NCWB treatment had significantly increased 
viscosity for each aging period. For the H2SO4 catalyzed reaction, the highest viscosity 
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value was for 24 h of aging. For 6 and 18 h of aging, the viscosity of H2SO4 treatments 
showed no significant increase; while for 12 h of aging, the viscosity was significantly 
lower compared to other aging periods except for the initial value. The viscosity of the 
Ni/Si-Al treatments increased significantly more than the initial value after aging at 80 
°C; however, the viscosities of Ni/Si-Al treatment increased but did not differ 
significantly over the 6 to 24 h of aging. Again, these results support our hypothesis that 
the viscosity change is related to the water content; the higher viscosity treatments in 
Figure 26 had relatively lower water content values as shown in Figure 24. 
 
Figure 26 Comparison of means test results1) for the viscosity of raw bio-oil, non-
catalyzed with 1-butanol (NCWB), H2SO4, and Ni/Si-Al catalyzed reaction 
at initial and after aging for 6, 12, 18, and 24 h at 80 °C. 
1) Different letters above the histograms indicate any significant of difference between 
aging periods. 
For the accelerated aging test, analyzed by the Model 6 ANOVA, the two-way 
interaction variable representing aging time and catalyst type was found to be significant 
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in relation to HHV. Thus, it is required that examination of the independent variables be 
performed empirically to elucidate the interaction cause or causes. The HHVs of 1-
butanol treatments influenced by catalyst types and aging time are shown in Figure 27. 
The Figure 27 data show that HHV changed differentially over equal time periods in 
relation to catalyst types. The HHV of the NCWB treatment decreased from 22.9 to 23.9 
MJ/kg during the 24 h of accelerated aging. Over the same time periods, the HHV of 
H2SO4 catalyzed treatment increased from 23.9 to 24.8 MJ/kg; the Ni/Si-Al treatment 
decreased from 23.9 to 23.7 MJ/kg. Again, the HHV is correlated with water content, and 
the H2SO4 catalyzed treatment had the lowest water content among all treatments at all 
aging periods as discussed for Figure 24. Therefore, increased HHV for treatments with 
lower water content are the expected result. 
 
Figure 27 The HHV mean response plot of non-catalyzed with 1-butanol (NCWB), 




The HHV rates of change of the raw bio-oil and 1-butanol esterified treatments 
are given in Table 22. Misfire results are labeled as MF in Table 22. Thus, rates of 
change were not possible to calculate for the misfire results. The raw bio-oil had water 
content above 34 wt% after aging at 80 °C for 24 h. This high water content apparently 
caused the misfire condition in raw bio-oil aging samples. Therefore, the HHV rates of 
change for raw bio-oil are not available. For 6 h of aging, the NCWB treatment had the 
greatest increase in HHV rate of change, while the Ni/Si-Al treatment had a slight 
decrease. For 12, 18, and 24 h aging periods, the HHV rate of change of NCWB and 
H2SO4 treatments were not significantly different, while the Ni/Si-Al treatment was 
significantly lower than for other treatments for all time periods.  
Table 22 Comparison of means test results1) within each aging period for the HHV 
rate of change (MJ/kg/h) of raw bio-oil, no catalyst with 1-butanol 
(NCWB), H2SO4 catalyzed, and Ni/Si-Al catalyzed treatment aging at 80 °C 
for 6, 12, 18, and 24 h. 
Treatment 6 h (MJ/kg/h) 12 h (MJ/kg/h) 18 h (MJ/kg/h) 24 h (MJ/kg/h) 
Raw bio-oil MF2) MF MF MF 
NCWB 0.28 a 0.11 a 0.06 a 0.04 a 
H2SO4 0.2 b 0.09 ab 0.06 a 0.03 a  
Ni/Si-Al  -0.03 c 0.08 b 0.02 b 0 b 
1) Different letters to the right of the HHV rate of change values indicate any significant 
of difference between treatments. 
2) MF indicated the misfire condition happened in measuring HHV.  
The HHVs of raw bio-oil and 1-butanol esterified bio-oil before and after 
accelerated aging tests are shown graphically in Figure 28. The histograms for each 
treatment combination are provided for initial and subsequent (6, 12, 18, and 24 h) aging 
periods. The results of the Model 5 ANOVA are provided as letters above each period 
histogram with different letters indicating a significant difference between aging period 
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results. The HHV of the NCWB treatment increased significantly after aging. For the 6 h 
period, the HHV of NCWB was higher than for other aging periods. For the subsequent 
12, 18, and 24 h periods, the HHVs of NCWB decreased significantly after the 6 h period 
but showed no significant difference from each other. The HHV of the H2SO4 catalyzed 
treatment also increased after aging. Although H2SO4 HHV values decreased for each 
time period after 6 h, the difference was not significant. For Ni/Si-Al, there was no 
significant difference between initial, aging for 6 and 24 h. Aging for the 12 h period 
gave the significantly highest HHV for the Ni/Si-Al treatment. 
 
Figure 28 Comparison of means test results1) for the HHV of raw bio-oil, non-
catalyzed with 1-butanol (NCWB), H2SO4, and Ni/Si-Al catalyzed reaction 
at initial and after aging for 6, 12, 18, and 24 h at 80 °C. 
1) Different letters above the histograms indicate any significant of difference between 
aging periods. 
Summarizing the results of the accelerated aging tests of 1-butanol esterification 
reaction for the 120 °C reaction with three catalyst types (NCWB, H2SO4, and Ni/Si-Al) 
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we found that at the end of the 24 h aging period, the 120 °C H2SO4 catalyzed treatment 
had higher HHV, lower acid value and lower water content compared to other treatments. 
The viscosity of the 120 °C H2SO4 catalyzed treatment was 3.1 cSt. This viscosity value 
was higher than for other treatments but still in the acceptable range at 15.2 cSt, which is 
considerably below the 125 cSt limit for bio-oil viscosity for the ASTM pyrolysis biofuel 
standard. Thus, the 120 °C H2SO4 catalyzed at 20 wt% with1-butanol treatment was the 
best treatment for esterification with 1-butanol in terms of product quality and stability 
during the accelerated aging tests. 
Because of the difference in methanol and 1-butanol alcohols, the esterification 
reaction conditions for methanol and 1-butanol differ. Furthermore, the esterified bio-oil 
products demonstrate different properties. Methanol has a lower boiling point than 1-
butanol, thus it is more active at lower reaction temperatures and polymerizes the bio-oil 
at 120 °C. However, for 1-butanol esterified bio-oil, after the reaction, a two-phase 
product was produced. The organic oil phase was at the top, while the aqueous phase was 
on the bottom. By contrast, the methanol esterified bio-oils produced at 70 and 90 °C 
were both single-phase products. The acid values for 20 wt% addition of methanol to bio-
oil ranged from 42.3 to 45.7 mg KOH/g. By contrast, the 20 wt% 1-butanol esterified 
bio-oil organic phase had acid values ranging from 56.2 to 74.8 mg KOH/g. The water 
content of the 1-butanol treatments was lower compared with methanol treatments 
because the 1-butanol treatments produced fractionated water into the aqueous phase 
which was separated from the organic oil phase prior to water content measurement. 
Probably because of the low water content (24.8 to 13.7 wt%), the viscosities (ranging 
from 8.5 to 32.2 cSt) and HHVs (ranging from 20.0 to 26.0 MJ/kg) of 1-butanol 
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treatments were higher compared to methanol treatments (viscosities ranging from 4.4 to 
6.9 cSt and HHVs ranging from 17.7 to 18.0 MJ/kg). But, because the separated phases 
were produced, the esterified product yields from the 1-butanol treatments were lower 
compared to methanol treatments. Based on the relative results of methanol and 1-butanol 
esterified bio-oil treatments, the methanol treatment yields were higher and HHV lower, 
while for the 1-butanol treatment yields were lower but the HHV was higher. For 
methanol treatments, a 98 wt% yield of esterified product had an HVV of 18.0 MJ/kg, 
thus for the 1 kg of methanol and bio-oil mixture the total energy produced is 17.6 MJ. 
The 1-butanol treatment catalyzed with H2SO4 at 120 °C treatment with a yield of 71.8 
wt% had an HHV of 24.0 MJ/kg. This 1-butanol treatment produced total energy of 17.2 
MJ per 1 kg. The total energy output for both methanol and 1-butanol treatments were, 
therefore, similar. In terms of energy production the difference between the products of 
the two alcohols is negligible. However, the cost of 1-butanol is much higher than for 
methanol. On a cost basis, therefore, the methanol treatment would be superior. 
Summary 
Bio-oil is a potential fuel for the future; however, negative properties such as low 
energy density, high acidity, and high water content have prevented its direct use as a 
fuel. Bio-oil esterification was performed in a batch reactor to upgrade bio-oil to produce 
a boiler fuel. Bio-oil esterified at two wt% levels (10 and 20 wt%) of methanol catalyzed 
with 0.2 wt% H2SO4 at two reaction temperatures (70 and 90 °C) were compared. A 
single-phase methanol esterified bio-oil product was obtained with an esterified product 
yield of 98 wt%. Chemical and physical tests showed that esterified bio-oil using 20 wt% 
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of methanol reacted at 70°C for 1 h had the best properties in terms of water content, 
viscosity, and HHV; acid value was higher but was only 8% higher than the lowest acid 
value among the treatments. Stability studies showed that at the end of the 24 h aging 
period, the 70 °C 1 h treatment still had slightly lower water content (27.8 wt%), viscosity 
(6.0 cSt), and higher HHV value (16.7 MJ/kg). The acid value was 3.1 mg KOH/g higher 
(about 8% higher) compared to the 90 °C 2 h treatment (the lowest acid value). The 
additional temperature required to reach 90 °C over a 2 h reaction period consumes 
considerably more energy and time than for a 70 °C 1 h treatment. Therefore, the best 
treatment for batch methanol esterification of bio-oil was considered to be 70 °C at 1 h of 
reaction with 20 wt% of methanol and 0.2 wt% of H2SO4.  
Bio-oil esterification treatments for 20 wt% of 1-butanol catalyzed without 
catalyst, with 0.2 wt% of H2SO4 or 1.0 wt% of Ni-Si/Al catalyst at three reaction 
temperatures (90, 120, and 150 °C) with 20 wt% were also performed. A two-phase 
product with organic oil phase at the top and aqueous phase at the bottom was produced 
by the 1-butanol esterified treatments. For the Ni-Si/Al treatments, the catalyst was 
removed from the organic phase with the aqueous phase and char. H2SO4 is a 
homogenous acid catalyst and was still present in the organic phase. The organic oil 
phase yields ranged from 65.5 to 78.4 wt%. At the same reaction temperature, the H2SO4 
catalyzed reaction had lower acid value, water content, and higher HHV compared to 
other catalyst types. However, the viscosities were higher for H2SO4 catalyzed reactions. 
For the 120 °C reaction condition, however, the viscosity of H2SO4 treatment (13.2 cSt) 
were the relatively lower than the viscosity of the 150 °C H2SO4 treatment (32.2 cSt). 
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The stability test for 1-butanol esterified bio-oil for the 120 °C treatments showed 
that the H2SO4 catalyzed treatment had lower water content, higher HHV, and lower acid 
value compared to other treatments. The viscosity of H2SO4 catalyzed treatments (15.2 
cSt) was about 4 cSt higher than other treatments (11.1 and 11.5 cSt) but much below the 
ASTM acceptable range of 125 cSt for bio-oil heating fuels. For the 120 °C H2SO4 
catalyzed at 20 wt% with1-butanol treatment the acid value was lower, the HHV was 
higher, and the water content was lower. Viscosity was only slightly higher than for the 
other treatments. Therefore, the 20 wt% 1-butanol with 0.2 wt% H2SO4 at 120 °C for a 2 
h reaction time was the best treatment for esterification with 1-btuanol.  
Due to the different properties of methanol and 1-butanol, the bio-oil esterified 
with methanol and 1-butanol had different reaction conditions. Methanol has a lower 
boiling point and shorter carbon chains, thus the reaction temperature was lower for the 
methanol esterified reactions. The esterified bio-oil also showed different chemical and 
physical properties in relation to alcohol type. Methanol esterified bio-oil produced a 
single-phase product, while the 1-butanol esterified bio-oil produced two phases, an 
aqueous and an organic oil phase. The esterified product yield was about 20% lower for 
the 1-butanol esterified bio-oils. For the same amount of alcohol applied, the acid value 
of methanol esterified bio-oil had lower acid values than for 1-butanol. This was likely 
due to the higher molecular weight of 1-butanol. Based on molecular weight, less moles 
of 1-butanol were applied to the esterification reactions to convert carboxylic acids to 
esters. The water content of the methanol treatments were higher compared with 1-
butanol treatments because the 1-butanol treatments produced an aqueous phases 
separated from the organic phase. In consequence, likely due to lower water content, the 
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viscosity and HHV of 1-butanol treatments were higher compared to methanol 
treatments. However, regardless of the difference in properties, the energy outputs of 
both 1 kg of raw material were similar at 17.6 and 17.2 MJ. However, the cost of 
methanol is lower than for 1-butanol. The methanol esterification reaction also required a 
lower reaction temperature (70 and 90 °C) and shorter reaction time (1 h vs. 2 h). 
Therefore, the methanol esterification reaction produced a superior esterified product 





ESTERIFICATION BY IN-REACTOR SPRAY INTO THE HOT PYROLYSIS VAPOR 
Abstract 
Bio-oil produced from pyrolysis of biomass is receiving increased attention as a 
method for producing renewable liquid fuels. However, bio-oil has negative properties 
such as polymerization over time, high water content, high viscosity, low energy density 
and high flash point. To date, these negative properties have prevented commercial 
development of a fuel from bio-oil.  
Bio-oil esterified by addition of alcohol demonstrates reduced polymerization 
over time, lowered acid value, higher energy density, and lowered flash point. However, 
the esterification reaction usually requires a high percentage of alcohol application of, 
considerable heating energy applied at a minimal temperature of 70 °C and time (1 h) to 
complete. The objective of this study was to develop a rapid, low-cost method of utilizing 
a low percentage of alcohol to produce esterified bio-oil for boiler fuel. Alcohols and acid 
catalyst were injected into the pyrolyzer vapor stream prior to the condenser train to 
attempt to perform the esterification reaction in the vapor phase. Chemical and physical 
tests of the bio-oil and accelerated aging tests were performed to determine the efficacy 




Bio-oil produced from fast pyrolysis of biomass is receiving increasing attention 
as a substitute for traditional fossil-based fuels. However, bio-oil has negative properties 
such as polymerization over time, high water content, high viscosity, low energy density, 
and high flash point (Czernik and Bridgwater, 2004, Bridgwater, 2003, Diebold and 
Bridgwater, 1997). 
Bio-oil is a highly reactive mixture of oxygenated compounds. These chemical 
compounds in bio-oil include aldehydes, ketones, hydroxyls, carbonyls, and carboxylic 
groups which undergo etherification and esterification reactions during storage (Czernik, 
1994, Czernik et al., 1994). Over time, and/or with the application of heat, these reactions 
generally result in polymerization that increases average molecular weight and viscosity. 
Thus, storage of bio-oil over time will result in the production of negative physical and 
chemical properties. Adjaye et al. (1992) stated that, during storage, the concentration of 
phenols and aromatic hydrocarbons decreased while the concentration of the aldehydes 
and ketones increased. The bio-oil chemical composition was found to change 
substantially over time probably due to polymerization reaction of some chemical 
components. These negative properties add to the difficulty of converting bio-oil to an 
upgraded fuel. It has been reported that bio-oil polymerization can be minimized if these 
reactions are controlled (Czernik et al., 1994). 
Esterification performed by refluxing a carboxylic acid and an alcohol in the 
presence of an acid catalyst is called a Fischer esterification reaction. (Eq. 11) 
The equilibrium constant (Keq) for the esterification reaction is given in Eq. 12. 
The value of the Keq represents which side of the reaction arrow is energetically favored. 
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When the Keq grater than 1, the reaction proceeds as written from left to right and the 
energy must be released from the reaction. When the Keq value less than 1, the reaction 
proceeds as as written from right to left. The energy change occurs during the reaction 
called Gibbs free-energy change (∆G). The equilibrium position may changed when 
temperature, pressure, and concentration change. The Keq and ∆G both measures if a 
reaction is favored, the relation can be caculated as shown in Eq. 13.  
 R-COOH + R’-OH 
catalyst
R-COOR’+ H2O Eq. 11 
Where R-COOH is carboxylic acid,  
R’-OH is alcohol 
R-COOR’ is ester. 
 Keq = 
       ’      
           ’    
 Eq. 12 
Where [R-COOH] is the molar concentration of the carboxylic acid,  
[R’-OH] is the molar concentration of the alcohol, 
[R-COOR’] is the molar concentration of the ester. 
 ∆G=-RTlnKeq  Eq. 13 
Where ∆G is Gibbs free-energy change, 
R=8.315 J/(K mol), 
T is Kelvin temperature, 
lnKeq=natureal logarithm of Keq. 
Zhang et al. (2006) catalyzed the bio-oil esterification reaction with solid acid 
40SiO2/TiO2-SO4-2 and solid base 30K2CO3/Al2O3- NaOH. Researchers catalyzed a 
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model esterification reaction in a molar ratio of 2.5:1(ethanol : acetic acid). Catalyst was 
added at 5 wt% of the reaction solution. They observed that the acid catalyst accelerated 
the esterification reaction to allow completion in 80 minutes to reach 88% of equilibrium 
conversion, whereas the conversion over the base catalyst had less than 10%. The gross 
calorific value increased by 50.7% and 51.8%, respectively, for acid and base catalyst. 
The pH value of the upgraded bio-oil was lowered from 2.60 to 1.12 by the acid catalyst, 
while it was increased to 5.93 by the base catalyst. The esterification reaction stabilized 
the bio-oil with lowered dynamical viscosity through 8 months of aging in ambient 
conditions.  
Moens et al. (2009) investigated the neutralization and stabilization of mixed 
hardwood bio-oil. Based on a typical bio-oil containing 1.5 to 2 mol of carboxylic acid 
groups and 4-6 mol of carbonyl groups per kg these researchers showed that complete 
conversion of the acids, aldehydes, and ketones would require 10-14 mol of alcohol per 
one kg of bio-oil. Their experiments explained that the high water content (20-30%) in 
raw bio-oils create equilibrium limitations in the esterification reactions such that the 
neutralization and stabilization steps cannot be driven to completion. To complete the 
reaction towards ester formation, it was deemed necessary to remove the initial water 
contained in the bio-oil or the reaction water product produced from the esterification 
reaction. Absent initial or reaction water removal the esterification reaction was 
reversible such that both neutralization and stabilization would be reversed over time. 
Xiong et al. (2009) synthesized and applied an esterification reaction between bio-
oil and dicationic ionic liquid C6(mim)2-HSO4 for bio-oil upgrading. The esterification 
reaction was conducted at room temperature and ethanol was added as alcohol. However, 
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their system produced a two-phase product: an upper layer comprised of a mixture of 
esters and other low polar components. The water layer included water, ionic liquid, and 
some small amounts of hydrophilic compounds. The two-phase liquid produced would 
not likely be a viable fuel due to difficulty of utilization. 
A solid acid (SO4-2/MxOy) was applied by Junming et al. (2008) to esterify bio-oil. 
In their study, 2:1:0.5 (v/v/v) of raw bio-oil, ethanol and H2O2 (30%) with acid catalyst 
were refluxed in a 24 mm diameter reaction column for about 30 min at 320-328 K. Light 
oil was collected at the head of the reactive column at a temperature below 328 K. 
Ethanol was recovered at a temperature of about 350 K. After the reaction, a phase 
separation was observed. Gravity operation of the water-insoluble layer from the upper 
aqueous layer was performed. Ethanol of 100 mL was added to the water-insoluble layer 
to obtain heavy oil. The calorific value of light and heavy oil increased from 14.3 to 21.5 
and 24.5 MJ/kg, respectively. The pH increased from 2.82 to 7.06 and 5.35, respectively. 
Water content was reduced from 33% to 52% and 5%, respectively. The results from 
GC/MS, FT-IR, and 1H NMR also showed that esterification reactions had occurred. 
Lohitharn and Shanks (2009) conducted experiments utilizing bio-oil model 
compounds to explore the impact of addition of acetaldehyde and propionaldehyde on the 
conversion of acetic acid via esterification with ethanol catalyzed by SBA-15-SO3H. 
They found that the effect of aldehyde on the esterification reaction of acetic acid with 
ethanol was more impacted by higher reaction temperature than excess alcohol. 
Therefore, at reaction temperatures above 100 °C the aldehydes did not interfere 
significantly with the esterification reaction. However, at 50 °C and 70 °C aldehydes 
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negatively hindered the esterification reaction. Acetic acid had a significant lower 
conversion rate when aldehyde was present at the lower reaction temperatures. 
Miao and Shanks (2009) also performed experiments to compare the esterification 
results of SBA-15-SO3H. The acidic properties of bio-oil were simulated using 3 M 
acetic acid. Methanol was added as the esterification alcohol. Study results indicated that 
SBA-15-SO3H demonstrated similar site activity for acetic acid esterification as exhibited 
by esterification with sulfuric acid. The water tolerance experiment showed that SBA-15-
SO3H inhibited the esterification reaction less than sulfuric acid in the model compounds. 
The researchers concluded that SBA-15- SO3H increased catalyst water tolerance due to 
the presence of hydrophobic propyl groups. 
Tang et al. (2009) combined bio-oil esterification with hydroprocessing to 
upgrade bio-oil. Raw bio-oil was combined with ethanol at supercritical temperature 
during hydrotreatment with Pd/SO4-2/ZrO2/SBA-15 as catalyst. The bio-oil properties 
were improved with reduced viscosity and density; pH and higher heating value (HHV) 
were increased. The researchers concluded that hydrotreating reduced the amount of 
aldehydes and ketones in the bio-oil while esterification converted the acids to esters. 
Thermogravimetric and differential thermogravimetric analyses showed that the 
macromolecular compounds were decomposed and more volatile compounds were 
produced. 
Tang et al (2010) synthesized bifunctional mesoporous organic-inorganic hybrid 
silicas with platinum and a propyl sulfonic acid group and tested it in a one-step 
hydrogenation/esterification reaction. Acetic acid and acetaldehyde were model reagents. 
The bifunctional Pt/SBA15-PrSO3H catalyst exhibited superior esterification activity 
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with about twice the acetic acid turnover number relative to that for the monofunctional 
SBA15-PrSO3H catalyst. Tang concluded that combining metallic Pt nanoparticles with 
strong acid sites allowed the hybrid catalyst to perform a one-step 
hydrogenation/esterification reaction. However, application of the technology to bio-oil 
rather than model compounds has not been performed.  
Hilten et al. (2010) applied in-line esterification by which pyrolysis vapor was 
reacted with air-atomized ethanol at various weight hourly space velocities from 8.3-33 
(kg/h biomass per kg/h ethanol). The esterified bio-oil produced had an ethanol content of 
7.3 to 23.2% of total oil. The product bio-oil was a two-phase liquid comprised of an oily 
and separate aqueous phase. Quantitative GC/MS analysis indicated that, for the oily 
phase, the concentration of carboxylic acids was reduced; esters such as ethyl acetate 
were formed. The water content and viscosity of bio-oil decreased while the heating 
value and pH were increased. 
Li et al. (2011) reported on an Amberlyst 70 catalyzed reaction between methanol 
and mallee bio-oil at temperatures between 70 and 170 °C. The results showed the 
conversion of light organic acids and aldehydes to esters and acetals increased with 
increasing temperature, reaction time and catalyst loading. 
Steele et al. (2010) filed a patent on a method to produce esterified bio-oil during 
pyrolysis. Methanol was combined with acid catalyst and the mixture was injected into 
the pyrolysis zone by spraying into the pyrolysis vapor. The results showed a decrease of 
acid value from 99.8 to 81.9 and 84.0 mg KOH/g for 20 wt% and 10 wt% methanol 
injection, respectively. The viscosity also decreased significantly for 20 wt% and 10 wt% 
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methanol injection treatments, being reduced from 15.45 to 6.23 and 8.87 cSt, 
respectively. The flash point for the 20% methanol treatment had a 38% decrease. 
Diebold and Czernik’s research (1997) showed that addition of alcohol 
significantly decreased bio-oil viscosity changes over time. These researchers concluded 
that the low molecular weight, monofunctional alcohols that were added reacted with the 
oligomers present in bio-oil forming polyesters. Results showed 10 wt% level of 
methanol added to bio-oil decreased the rate of accelerated aging by a factor of 20. 
Authors also speculated that ketones and aldehydes may have been converted to acetals 
and ketals by reacting with the alcohols. This effect was particularly important if alcohols 
were immediately added to newly produced bio-oils. The effectiveness of alcohol 
addition increased as the molecular weight of the alcohol decreased. A similar 
experiment reported by Boucher et al. in 2000 that showed that increasing methanol 
percentage (up to 15%) added to the bio-oil decreased the viscosity over time and also 
delayed the phase separation process compared with raw bio-oil under the same 
conditions. Radlein et al.(1996) claimed that adding 40 wt% of ethanol to pyrolysis oil 
reduced polymerization over time and reduced acidity. 
Hilten and Das (2010) tested three accelerated aging procedures to access bio-oil 
stability. They found that among the five bio-oil samples, from the most stable to the 
least stable bio-oil were pine stabilized with 10% methanol, pure pine, pine spray-
condensed with 10% ethanol, pure peanut hull, and peanut hull stabilized with 10% 
methanol. The methanol stabilized bio-oil had a reduced concentration of oxygenated 
compounds with C-O groups compared to unstabilized bio-oil. 
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Esterification of bio-oil improves the raw bio-oil properties significantly by 
reducing the initial viscosity and acidity. Viscosity over time maintains significantly 
higher stability. On the other hand, the reaction, when performed in a batch reactor, 
usually requires extra energy and time (70 °C, 1 hour) to complete. The objective of this 
study was to develop a low-cost method to esterify by direct injection of alcohols into the 
pyrolyzer vapor zone prior to bio-oil condensation in the auger reactor. 
Materials and Methods 
Feedstock preparation 
Loblolly pine wood was utilized as the feedstock from which bio-oil was 
produced for all experiments. Pine lumber, kiln dried to 12% to 17% moisture content, 
was obtained from a local lumber yard. The lumber was cut to 1-2 inch sized chips. These 
chips were further reduced in size by grinding to 1-3 mm followed by drying to 1% final 
moisture content.  
Chemicals 
Certified ACS grade methanol and 1-butanol was purchased from Fisher 
Scientific. Acros Organic sulfuric acid was obtained with purity of 96%.  
In-reactor bio-oil esterification 
Bio-oil was produced by an auger reactor located at the Department of Forest 
Products, Mississippi State University (MSU). This auger reactor is capable of 
pyrolyzing feedstock at a rate of 7 kg/h. The auger speed applied was 12 rpm at a 
pyrolysis temperature of 450 °C. Nitrogen was used as a carrier gas. Combined alcohols 
and acid catalyst were injected into the pyrolysis vapor zone prior to the condenser 
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attached to the auger reactor to attempt to produce the esterification reaction in the vapor 
phase. An injection system was placed in the cross pipe just before the entry of the 
pyrolysis vapors into the condenser as illustrated in Figure 29. Alcohols with 
homogenous catalysts were sprayed into the hot pyrolysis vapor stream utilizing a fuel 
injector nozzle at a flow rate controlled by a liquid chromatography pump with controller. 
Both the pump and fuel injector were calibrated in the laboratory with the alcohol with 
homogenous catalyst before attachment to the cross pipe. The flow rate was calculated 
based on the weight of the chemicals injected over the time period. A linear calibration 
formula was determined to quantify the amount of chemicals actually injected. The 
planned injection rate of alcohol and catalyst was based on a 3 kg/h production of bio-oil 
during pyrolysis. Methanol and 1-butanol were chosen as alcohol types to spray into the 
pyrolysis vapor zone to test the efficiency of the vapor phase esterification reaction. 
Alcohol (10 and 20 wt%) combined with homogenous catalysts was sprayed into the 
vapor zone. For the treatment with catalysis H2SO4 was added at two levels, 0.2 and 1.0 
wt% (Table 23). The injector sprayed the combined alcohol with homogeneous acid 
catalyst at a speed of 5.6 g/min and 12.5 g/min during the injection phase. Non-




Figure 29 Schematic of pyrolysis reactor showing its constituent components number 
1-10. 1) 
1) The injection point of the cross pipe is shown in its location just prior to entry of the 
pyrolysis vapors into the condenser train. The number in the schematic of the reactor 
described the following pyrolyze parts. 1 – segment of main reactor heated pyrolyzer tube  
2 – heated cross pipe  3 – condenser 1  4 – condenser 2  5 – condenser 3  6 – condenser 4  
7 – spray nozzle  8 – internal view of 3 spray nozzles  9 – bio-oil outlet  10 – non-
condensable gases 
Table 23 Alcohol and homogeneous acid catalyst treatments for the in-reactor 
esterification reaction and the planned injection rate compared to the actual 
injection rate by treatment. 
Alcohol Planned spray  
alcohol (wt%) 






20 0.2 19.1 
1.0 18.1 
1-butanol 10 0.2 9.9 
1.0 9.1 





Chemical and physical properties 
The physical and chemical properties of raw bio-oil and each esterified product 
were determined by the ASTM D7544, Standard Specification for Pyrolysis Liquid 
Boiler Fuel given in Table 24 and were compared to the properties of a raw bio-oil as 
control. All the physical and chemical tests were replicated 3 times. For the acid value 
test, 1 g of bio-oil was dissolved in isopropanol/water (v/v =35:65) solution and then 
titrated with 0.1 N NaOH to a pH of 8.5. The acid value was then calculated as the 
number of milligrams of KOH equivalent to 1 g of bio-oil sample. The Karl Fischer 
titration method was employed to determine water content according to ASTM E203. A 
Cole-Parmer Model C-25800-10 titration apparatus performed the water content test. The 
ASTM D445-04 Standard Test Method for Kinematic Viscosity of Transparent and 
Opaque Liquids was applied for viscosity testing at 40 °C using a Ubbelohde U-tube 
viscometer. HHV was determined with a Parr 6400 automatic isoperibol calorimeter 
according to ASTM D240.  
Table 24 Physical and chemical properties tested and ASTM test methods followed. 
Property (unit) Test Method Specification 
Water content (mass %) ASTM E203 30 maximum 
Viscosity (mm2/s) ASTM D445 125 maximum 
HHV (MJ/kg) ASTM D240 15 minimum 
 
A Perkin Elmer Clarus 500 gas chromatograph equipped with Perkin Elmer 
Clarus 500 mass spectrometer was used to identify degree of esterification and presence 
of unreacted alcohol. A 5% phenylmethylpolysiloxane coated silica capillary column of 
30 m × 320 μm internal diameter × 0.25 μm was used at an initial temperature of 40 °C 
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holding for 4 min, then followed by heating at 5 °C/min to a final temperature of 280 °C 
and held for 15 min. The injector was set at 280 °C. The split ratio was 10:1. The mass 
spectrometer was set at 70eV electron impact ionization mode with a source temperature 
of 210 °C and an interface temperature of 223 °C. Helium was used as the carrier gas. A 
five-point calibration was employed to plot the alcohol concentration and corresponding 
area in the chromatograph. The calibration curve was identified and used to calculate the 
alcohol that did not react in the upgrading process and the esters produced in the reaction. 
Bio-oil, off-gas and char yields are not the focus of this research. For this reason, 
only one replicate was performed. Multiple replicates were applied to the bio-oil 
properties and aging variables of interest.  
Stability study 
All esterified specimens and raw bio-oil were tested by accelerated aging in 3 
replicates. All samples were stored in sealed vials and weighed before and after each 
aging period. Specimens were heated in an aerated oven at 80 °C for 6, 12, 18, and 24 h.  
Rate of change was calculated by Equation 15 with the difference between aged 
bio-oil and unaged bio-oil divided by the aging time. The rate of change can be used to 
evaluate the aging speed of each bio-oil. A positive number means an increase in tested 
value, while a negative number means a decrease in tested value.  
 Rate of change= (aged bio-oil-unaged bio-oil)/aging time Eq. 15 
Experimental design 
Analysis of variance (ANOVA) Model 7 shown in Eq. 16 was employed to 
analyze esterified methanol or 1-butanol sprayed treatments and comprised of two factors 
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with two levels each: alcohol level (10 and 20 wt%) and acid catalyst level (0.2 and 1.0 
wt%). Fisher’s least significant difference (LSD) test was performed to determine the 
significance of the ANOVA prior to application of the comparison of means test. All 
comparison of means tests for significant difference were performed by LSD method at 
the 0.05 level. The Model 7 ANOVA was performed for each of the two alcohols tested: 
methanol and 1-butanol. 
 Yij = β0 + β1 Ai + β2 Cj + β3A*Cij + eij Eq. 16 
Where: 
Yij represents dependent variable physical or chemical testing values: acid value, water 
content, viscosity, or HHV,  
β0 represents the intercept term, 
β1 Ai represents the influence of alcohol level, 10 or 20 wt%, 
β2 Cj represents the influence of H2SO4 acid level, 0.2 ad 1.0 wt%, 
β3A*Cij represents the interaction influence between each alcohol wt%, 10 and 20 wt% 
and catalyst at two levels, 0.2 and 1.0 wt%, 
eij represents random error term. 
ANOVA Model 8 shown in Eq. 17 was comprised of sprayed treatment 
combination for methanol and 1-butanol sprayed-treatments. Fisher’s LSD test was 
performed to determine the significance of the ANOVA prior to application of the 
comparisons of test means. All tests for significance were performed at the 0.05 level. 
The Model 8 ANOVA was performed for each raw and spray treatment. 




Yi represents dependent variable physical or chemical testing values: acid value, water 
content, viscosity,  
β0 represents the intercept term.  
β1 Ai represents the influence of spray treatment combination. 
ei represents random error term. 
ANOVA Model 9 shown in Eq. 18 was employed to analyze the esterification 
sprayed treatments’ accelerated aging was comprised of three factors with two alcohol 
levels (10 and 20 wt%) and two acid catalyst levels (0.2 and 1.0 wt%), and four levels of 
aging time (0, 6, 12, and 18 h). Fisher’s LSD test was performed to determine the 
significance of the ANOVA prior to application of the comparisons of test means. All 
tests for significance were performed by the LSD method at the 0.05 level. The Model 9 
ANOVA was performed for each of the two alcohols tested: methanol and1-butanol. 
 Yijk = β0 + β1 Ai + β2 Cj + β3Tk + β4A*Cij + β5A*Tik + β6 C*T ik + β7A*C*Tijk +eijk Eq 18 
Where: 
Yijk represents dependent variable physical or chemical testing values: acid value, water 
content, viscosity,  
β0 represents the intercept term,  
β1 Ai represents the influence of alcohol level, 10 or 20 wt%, 
β2 Cj represents the influence of H2SO4 acid level, 0.2 and 1.0 wt%, 
β3 Tk represents the influence of aging time, 0, 6, 12, 18 h, and 24 h, 
β4A*Cij represents the interaction influence between each alcohol wt% (10 and 20 wt%) 
and catalyst at two levels (0.2 and 1.0 wt%), 
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β5A*Tik represents the interaction influence between alcohol wt% (10 and 20 wt%) and 
aging time (0, 6, 12, 18, and 24 h), 
β6 C*T ik represents the interaction influence between catalyst wt% (0.2 and 1.0 wt%) and 
aging time (0, 6, 12, 18, and 24 h), 
β7A*C*Tijk represents the interaction influence between wt% (10 and 20 wt%), catalyst 
wt% (0.2 and 1.0 wt%), and aging time (0, 6, 12, 18, and 24 h), 
eijk represents random error term.  
ANOVA Model 10 shown in Eq. 19 was comprised of aging time with five levels 
(0, 6, 12, 18, and 24 h) for accelerated aging. Fisher’s LSD test was performed to 
determine the significance of the ANOVA prior to application of the comparisons of test 
means. All tests for significance were performed at the 0.05 level. The Model 10 
ANOVA was performed for each raw and spray treatment. 
 Yi = β0 + β1 Ti+ei Eq. 19 
Where: 
Yi represents dependent variable physical or chemical testing values: acid value, water 
content, viscosity,  
β0 represents the intercept term.  
β1 Ti represents the influence of aging time. 
ei represents random error term. 
The efficacy of spray treatments was determined by comparing batch-esterified to 
spray-esterified bio-oil via a paired t-test for the values for each property, acid value, 
water content, and viscosity. The paired t-tests were applied to methanol and 1-butanol 
treatments, respectively.  
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To test whether the methanol and 1-butanol treatments changed differentially 
between themselves paired t-tests were performed comparing the values for each aging 
period. Therefore, all aging period values for methanol treatments were grouped and 
compared to all 1-butanol aging period values as a group. The 3 replicate values for each 
aging period were included in the tests to capture the influence of experimental variance. 
The paired t-test was performed for the acid value, water content, and viscosity values at 
all time periods, as well as the rate of change values. SAS software version 9.2 phase 3 
was used to perform the statistical analysis. 
Results and Discussion 
Bio-oil, char, and gas yield 
The bio-oil, chars, and off gas yield values are given in Table 25. Only a single 
bio-oil was produced for the study to insure that bio-oil treatment results did not reflect 
differences in bio-oil quality. Bio-oil aging differences were the focus of this study and 
the results were measured for 3 replications.  
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Table 25 Bio-oil, char, and gas yield of spray esterified treatments. 
Treatment Bio-oil yield (wt%) Char yield (wt%) Gas yield (wt%) 
20 wt% methanol + 
0.2 wt% H2SO4 
64 21 15 
10 wt% methanol + 
0.2 wt% H2SO4 
60 20 20 
20 wt% methanol + 
1.0 wt% H2SO4 
61 21 18 
10 wt% methanol + 
1.0 wt% H2SO4 
62 23 15 
20 wt% 1-butanol + 
0.2 wt% H2SO4 
62 21 17 
10 wt% 1-butanol + 
0.2 wt% H2SO4 
57 24 19 
20 wt% 1-butanol + 
1.0 wt% H2SO4 
68 23 9 
10 wt% 1-butanol + 
1.0 wt% H2SO4 
63 21 16 
 
Properties of sprayed bio-oil 
The advantage of the ANOVA Model 7 is that it has the potential to allow a clear 
statement to be made on the influence on product qualities (dependent variable) of 
alcohol level as influenced by catalyst level. However, if interaction is present between 
the alcohol level and catalyst level these variables will not perform the same with respect 
to each other across treatment levels. This will prevent a clear statement as to a consistent 
influence of alcohol and catalyst level on the product quality being analyzed. When 
interaction is present its causes should be elucidated so that valuable information of the 
interaction on the behavior of the dependent variable of interest can be obtained. 
However, clear selection of treatments may be difficult in the face of too many 
interacting variables influencing the dependent variable. One strategy to allow clear 
selection of treatment is to consider each treatment combination (alcohol wt% and 
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catalyst wt% in this case) as a single indicator variable. By this approach information on 
interaction is lost but the selection of the treatment combination providing the best 
average results can be clearly identified. 
The ANOVA Model 7 contains the influence of the two variables with potential 
interaction to allow a full analysis of interaction causes. Model 8 will use the 
combination of two treatment variables as a single indicator variable to allow clear 
statistical identification of the best treatment to apply to the dependent variable. 
Results of both ANOVA Model 7 and 8 for each product quality dependent 
variables will be presented simultaneously in a single figure. Interaction will be shown by 
the relationship of the resultant slope of the values representing the dependent variable as 
influenced by alcohol wt% and catalyst wt%. Values for best quality for the dependent 
variable from each treatment combination will be given to allow identification of the 
significantly best values of the combined treatment levels of alcohol wt% and catalyst 
wt%.  
For acid value the Model 7 two-term interaction variable in the ANOVA was 
found to be significant. In this situation it is required that examination of the independent 
variables be examined empirically to elucidate the interaction cause or causes. The mean 
response plot for acid value of methanol sprayed esterified bio-oil at two alcohol levels 
(10 and 20 wt%) and two catalyst levels (0.2 wt% and 1.0 wt%) is shown in Figure 30. 
The 0.2 wt% H2SO4 and 10 wt% methanol sprayed treatment had an acid value of 
78.06 mg KOH/g, which was only slightly lower than the acid value for the 1.0 wt% 
H2SO4 and 10 wt% methanol sprayed treatment and there was no significant difference 
between those two treatment combinations. At 20 wt% of methanol treatment, the 
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treatment with higher acid catalyst had a significantly lower acid value compared with 
the 0.2 catalyst wt% treatment. As shown in Figure 30, the amount of methanol sprayed 
and amount of acid catalyst interacted significantly due to the high acid value produced 
by the 0.2 wt% catalyst treatment. High acid value indicates lower esters production. This 
likely occurred due to the low 10 wt% alcohol level which produced lower ester content 
resulting in high acid values for both catalyst levels, 0.2 and 1.0 wt%. In terms of the 
esterification reaction, given as Equation 1, it is clear that the alcohol volume of 10 wt% 
methanol was inadequate to push the reaction past an equilibrium state in which esters 
were low. For the 20 wt% methanol treatment enough alcohol was available to push the 
reaction to produce additional esters, particularly for the higher 1.0 wt% catalyst addition. 





Figure 30 Comparison of means and the mean response plot for acid value of 
methanol sprayed esterified bio-oil at two alcohol levels (20 wt% and 10 
wt%) and two catalyst levels (0.2 wt% and 1.0 wt%). 1) 
1) Model 7 ANOVA results provide the slope of the relationship between methanol wt% 
and catalyst wt%. Model 8 results provide the mean values of each treatment combination 
with different letters to the right of the numerical values indicating significant difference. 
The mean acid values for each methanol sprayed-treatment are given in Figure 30 
with different letters indicating any significant difference between treatments analyzed by 
ANOVA Model 8. The 20 wt% methanol with 1.0 wt% catalyst had the lowest acid value 
among all treatments at 67.0 mg KOH/g. The 10 wt% methanol treatments at both low 
and high catalyst loading had the highest acid value at 78.1 and 78.6 mg KOH/g. The 20 
wt% methanol with 0.2 wt% catalyst had the second low acid value at 73.9 mg KOH/g. 
Therefore, the 20 wt% methanol with 1.0 wt% catalyst had the lowest acid value in all 
methanol sprayed treatments. 
For 1-butanol esterified spray treatments, Model 7 acid value two-term interaction 
variables in the ANOVA was not found to be significant. As shown in Figure 31 and 
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compared to the methanol reaction of Figure 30, 1-butanol treatments produced higher 
acid values, and therefore, lower ester production for each of the four alcohol/catalyst 
combinations. The interaction between alcohol and catalyst treatments that occurred for 
methanol did not repeat itself for 1-butanol. For 10 wt% alcohol addition the methanol 
acid value for 0.2 wt% of catalyst was 78.1 mg KOH/g compared to 82.4 mg KOH/g for 
1-butanol; for 1.0 wt% catalyst acid value was 78.6 mg KOH/g compared to 80.15 mg 
KOH/g for 1-butanol. For 20 wt% alcohol addition, the methanol acid value for 0.2 wt% 
of catalyst was 73.9 mg KOH/g compared to 76.7 mg KOH/g for 1-butanol; for 1.0 wt% 
catalyst acid value was 67.0 mg KOH/g compared to 74.9 mg KOH/g for 1-butanol. The 
higher acid values for 1-butanol are considered to have resulted from less conversion of 
carboxylic acid to esters. Because 1-butanol has a lower molecular weight (74.1 g/ mol) 
compared to that of methanol (32.0 g/mol), for the same wt% of methanol and 1-butanol, 
there were less -OH groups present in 1-butanol than methanol to react with the 
carboxylic acids; thus, the 1-butanol treatments had higher acid values. Different letters 
indicate any significance of difference between treatments. For the 1-butanol treatment, 
the high alcohol wt% with high acid catalyst had the lowest acid value among all 
treatments at 74.9 mg KOH/g, whereas the 10 wt% 1-butanol and 0.2 wt% H2SO4 had the 




Figure 31 Comparison of means and the mean response plot for acid value of 1-
butanol sprayed esterified bio-oil at two levels (20 wt% and 10 wt%) and 
two H2SO4 catalyst levels (0.2 wt% and 1.0 wt%). 1) 
1) Model 7 ANOVA results provide the slope of the relationship between 1-butanol wt% 
and catalyst wt%. Model 8 results provide the mean values of each treatment combination 
with different letters to the right of the numerical values indicating significant difference. 
For water content of methanol treatment, the Model 7 two-term interaction 
variable in the ANOVA was found to be significant. The mean response plot for the 
methanol spray treatment’s water content is shown in Figure 32 indicating significant 
interaction between alcohol wt% and catalyst wt%. At the lower methanol level, the 
treatment catalyzed by the high amount of acid catalyst (1.0 wt%) had lower water 
content (25.3 wt%) than for the low acid (0.2 wt%) catalyzed reaction (26.3 wt%). By 
contrast, for the high alcohol injected treatments of 20 wt%, the two acid catalyst levels 
gave relatively similar water content values of 25.2 and 24.5 wt%, respectively. 
Therefore, the highest water content was presented in the low alcohol and low catalyst 
treatment reaction. The reason for this result can be explained by the esterification 
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reaction given as Equation 11. As Figure 30 shows, a lower acid value was produced by 
reacting a higher catalyst level (1.0 wt%) with a high alcohol level (20 wt%). Therefore, 
the lower acid value produced by the 20 wt% methanol and 0.2 wt% catalyst produced 
the higher water content seen for the same treatment in Figure 32. This was the expected 
result as the esterification reaction produces increased water when more acid is converted 
to esters, lowering the acid value.  
 
Figure 32 Comparison of means and the mean response plot for water content of 
methanol sprayed esterified bio-oil at two levels (20 wt% and 10 wt%) and 
two H2SO4 catalyst levels (0.2 wt% and 1.0 wt%). 1) 
1) The results of ANOVA Model 7 and 8 are both shown. Model 7 ANOVA results 
provide the slope of the relationship between methanol wt% and catalyst wt%. Model 8 
results provide the mean values of each treatment combination with different letters to the 
right of the numerical values indicating significant difference. 
In Figure 32, different letters indicate a significance of difference between each 
treatment combination. The 10 wt% 1-butanol with 0.2 wt% H2SO4 had the highest water 
content at 26.3 wt%, while the 20 wt% 1-butanol with 0.2 wt% catalyst had the lowest 
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water content at 24.7 wt%. The two 1.0 wt% catalyst treatments had similar water content 
values of 25.3 and 25.2 wt% for low and high catalyst loading, respectively. 
The 1-butanol treatment analyzed by Model 7 showed that, for the water content 
values the two-term interaction variable (alcohol wt%*catalyst wt%) in the ANOVA was 
significant. The mean response plot for the water content of the 1-butanol sprayed 
treatment is shown in Figure 33. At the lower alcohol level, the water contents for both 
low and high catalyst level treatments were 22.6 and 24.6 wt%, respectively. At high 
alcohol level, the water contents for low and high catalyst treatments were 21.2 and 21.5 
wt%, respectively. As shown in the plot, this caused significant interaction between 
alcohol wt% and catalyst wt%. The interaction effect in Figure 33 for 1-butanol is not as 
marked as for the Figure 32 results for methanol. However, the explanation is the same 
for the 1-butanol reaction as for the methanol reaction. The high 1-butanol wt% 
treatments at both low and high catalyst loading had lower water content values (21.2 and 
21.5 wt%) compared with 10 wt% 1-butanol treatments. 
The mean water contents for each methanol treatment are given in Figure 33 with 
different letters indicating a significant difference between each treatment combination 
analyzed by ANOVA Model 8. The 10 wt% methanol with 1.0 wt% catalyst had the 
highest water content at 24.7 wt%, whereas the two 20 wt% methanol treatments with 0.2 
and 1.0 wt% had the lowest water content at 21.2 and 21.5 wt%, respectively. Therefore, 




Figure 33 Comparison of means and the mean response plot for water of 1-butanol 
sprayed esterified bio-oil at two levels (20 wt% and 10 wt%) and two 
H2SO4 catalyst levels (0.2 wt% and 1.0 wt%). 1) 
1)  Results of ANOVA Model 7 and 8 are both shown. Model 7 ANOVA results provide 
the slope of the relationship between1-butanol wt% and catalyst wt%. Model 8 results 
provide the mean values of each treatment combination with different letters to the right 
of the numerical values indicating significant difference. 
For viscosity of methanol treatment, the Model 7 two-term interaction variable 
(alcohol wt% * catalyst wt%) in the ANOVA was found to be significant. The mean 
response plot for the viscosity of the methanol sprayed treatment is shown in Figure 34. 
At the lower alcohol level, the viscosity for low and high catalyst level treatments were 
7.1 and 8.0 cSt, respectively. At the high alcohol level, the water contents for low and 
high catalyst treatments were 6.9 and 6.4 cSt, respectively. As shown in the plot, this 
caused significant interaction between alcohol wt% and catalyst wt%. This result follows 
directly from the water production interactions of both Figures 32 and 33, where 
increased water was produced from the esterification reaction and resulted in interaction. 
Generally for bio-oil, viscosity is more dependent on temperature and water content 
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(Nolte and Liberatore, 2010). The water dilutes the more viscous species in the bio-oil. 
Increased water content translates directly to lower viscosity of bio-oil, all else equal.  
The mean viscosities for methanol sprayed-treatment are given in Figure 34 with 
different letters indicating a significant difference between each treatment combination 
analyzed by ANOVA Model 8. The 10 wt% methanol with 0.2 wt% catalyst had the 
highest viscosity, whereas the 20 wt% methanol treatment with 1.0 wt% catalyst had the 
lowest viscosity among all treatments. The two 0.2 wt% catalyst treatments at 10 and 20 
wt% of methanol levels did not differ significantly. Therefore, the 20 wt% with 1.0 wt% 
catalyst had the best viscosity quality. 
 
Figure 34 Comparison of means and the mean response plot for viscosity of methanol 
sprayed esterified bio-oil at two levels (20 wt% and 10 wt%) and two 
H2SO4 catalyst levels (0.2 wt% and 1.0 wt%). 1) 
1) Model 7 ANOVA results provide the slope of the relationship between methanol wt% 
and catalyst wt%. Model 8 results provide the mean values of each treatment combination 
with different letters to the right of the numerical values indicating significant difference. 
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For viscosity of 1-butanol treatment, Model 7 two-term interaction variable 
(alcohol wt% * catalyst wt%) in the ANOVA was not found to be significant. At the 
lower alcohol level, the viscosities for the low and high catalyst level treatments were 
11.6 and 11.4 cSt, respectively. At the high alcohol level, the viscosities for low and high 
catalyst treatments were 11.3 and 11.0 cSt, respectively. As shown in Figure 33, the low 
catalyst treatments at both alcohol levels had lower water content than for the high 
catalyst treatments. The viscosities of low catalyst treatments were higher than the high 
catalyst treatments due to their high water content.  
 
Figure 35 The mean response plot for viscosity of 1-butanol sprayed esterified bio-oil 
at two levels (20 wt% and 10 wt%) and two H2SO4 catalyst levels (0.2 wt% 
and 1.0 wt%). 1) 
1) Results of ANOVA Model 7 and 8 are both shown. Model 7 ANOVA results provide 
the slope of the relationship between 1-butanol wt% and catalyst wt%. Model 8 results 
provide the mean values of each treatment combination with different letters to the right 
of the numerical values indicating significant difference. 
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The mean viscosities of 1-butanol sprayed-treatment are shown in Figure 35 with 
different letters indicating significant difference in treatment combinations analyzed by 
ANOVA Model 8. The highest viscosity treatments were 10 wt% 1-butanol treatments at 
both low and high catalyst loading at 11.6 and 11.4 cSt, whereas the 20 wt% 1-butanol 
with 1.0 wt% catalyst treatment had the lowest viscosity at 11.0 cSt. Thus, in term of 
viscosity, the 20 wt% 1-butanol with 1.0 wt% H2SO4 was the preferable treatment. 
For HHV of methanol treatment, the Model 7 two-term interaction variable 
(alcohol wt% * catalyst wt%) in the ANOVA was found to be significant. The mean 
response plot for the HHVs of the methanol sprayed treatment is shown in Figure 36. At 
the lower alcohol level, the HHV for low and high catalyst level treatments were identical 
at 16.2 MJ/kg. As shown in the plot, this caused significant interaction between alcohol 
wt% and catalyst wt%. At the high alcohol level, the water contents for low and high 
catalyst treatments were 16.9 and 16.2 MJ/kg, respectively. This result follows directly 
from the water production interactions of Figure 32, where increased water was produced 
from the esterification reaction and resulted in interaction. Increased water content 
translates directly to lower HHV of bio-oil, all else equal.  
The mean HHVs of methanol sprayed-treatment are shown in Figure 36 with 
different letters indicating significant difference between each treatment combination 
analyzed by ANOVA Model 8. The highest HHV of 16.9 MJ/kg was observed for 
treatment of 20 wt% methanol with 0.2 wt% catalyst treatment. This treatment had the 
lowest water content, which again translates directly into increased HHV. The other three 
treatments did not differ significantly. Therefore, the 20 wt% methanol with 0.2 wt% 




Figure 36 Comparison of means and the mean response plot for HHV of methanol 
sprayed esterified bio-oil at two levels (20 wt% and 10 wt%) and two 
H2SO4 catalyst levels (0.2 wt% and 1.0 wt%). 1) 
1) Results of ANOVA Model 7 and 8 are both shown. Model 7 ANOVA results provide 
the slope of the relationship between methanol wt% and catalyst wt%. Model 8 results 
provide the mean values of each treatment combination with different letters to the right 
of the numerical values indicating significant difference. 
For HHV of 1-butanol treatment, the ANOVA Model 7 with two-term interaction 
variable (alcohol wt% * catalyst wt%) was found to be significant. The mean response 
plot for the HHV of 1-butanol sprayed treatment is shown in Figure 37. At the lower 
alcohol level, the HHVs for the low and high catalyst level treatments were 18.5 and 17.7 
MJ/kg, respectively. At the high alcohol level, the viscosities for low and high catalyst 
treatments were 19.5 and 17.8 MJ/kg, respectively. As shown in Figure 37, the low 
catalyst treatments at both alcohol levels had higher HHV than for the high catalyst 
treatments.  
As shown in Figure 37, the mean HHVs for each 1-butanol treatment are shown 
with the different letters indicating significant difference between treatment 
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combinations. The 20 wt% 1-butanol with 0.2 wt% catalyst treatment had the highest 
HHV at 19.5 MJ/kg, whereas the two 10 wt% 1-butanol treatments with 1 and 0.2 wt% 
catalyst had the significantly lowest HHV values at 17.7 and 17.8 MJ/kg, respectively. 
 
Figure 37 Comparison of means and the mean response plot for HHV of 1-butanol 
sprayed esterified bio-oil at two levels (20 wt% and 10 wt%) and two 
H2SO4 catalyst levels (0.2 wt% and 1.0 wt%). 1) 
1)  Results of ANOVA Model 7 and 8 are both shown. Model 7 ANOVA results provide 
the slope of the relationship between 1-butanol wt% and catalyst wt%. Model 8 results 
provide the mean values of each treatment combination with different letters to the right 
of the numerical values indicating significant difference. 
For methanol sprayed treatments, methyl acetate was the only ester observed in 
the GC-MS chromatograph. For methyl acetate produced from spray treatment, the 
ANOVA Model 7 with two-term interaction variable (alcohol wt% * catalyst wt%) was 
found to be significant. The mean response plot for the methyl acetate at different 
methanol spray and catalyst levels is shown in Figure 38. At the same methanol spray 
level, with the higher amount of acid catalyst injected, the formation of methyl acetate 
 
109 
increased. As discussed earlier, for the esterification reaction, 10 wt% of methanol level 
was inadequate for pushing the reaction towards the high production of esters such as 
methyl acetate. With a higher amount of alcohol percent in the 20 wt% treatment for both 
acid catalysts levels, the formation of methyl acetate increased as expected as the 
esterification reaction was pushed towards completion.  
 
Figure 38 The mean response plot for methyl acetate wt% of methanol sprayed 
esterified bio-oil at two levels (20 wt% and 10 wt%) and two H2SO4 
catalyst levels (0.2 wt% and 1.0 wt%). 
 
For unreacted methanol, the ANOVA Model 7 with two-term interaction variable 
(alcohol wt% * catalyst wt%)was found to be significant. The mean response plot of 
unreacted methanol from the sprayed methanol treatment at different alcohol levels and 
different catalyst levels is shown in Figure 39. For the same catalyst wt% level, the high 
alcohol level had higher unreacted methanol than the catalyst loadings for the low alcohol 
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level. In addition, the low alcohol level (10 wt%) reduced unreacted alcohol because the 
alcohol was insufficient to complete the reaction and most was converted to methyl 
acetate. 
 
Figure 39 The mean response plot for unreacted methanol weight percent of methanol 
sprayed treatments at two levels (20 wt% and 10 wt%) and two H2SO4 
catalyst levels (0.2 wt% and 1.0 wt%). 
 
For 1-butanol sprayed treatments, the butyl acetate was the only ester found in 
GC-MS. The butyl acetate produced from the spray treatments at different 1-butanol 
spray levels and catalysts levels is shown in Figure 40. There was no significant 
interaction effect between the 1-butanol sprayed levels and catalyst levels. At the same 1-
butanol spray level, with the higher amount of acid catalyst injected, the formation of 




Figure 40 The mean response plot for butyl acetate weight percent of 1-butanol 
sprayed treatments at two levels (20 wt% and 10 wt%) and two H2SO4 
catalyst levels (0.2 wt% and 1.0 wt%). 
 
For unreacted 1-butanol of 1-butanol spray treatments, the ANOVA Model 7 with 
two-term interaction variable (alcohol wt% * catalyst wt%) was found to be significant. 
The mean response plot of unreacted 1-butanol from the spray treatments at different 1-
butanol spray levels and catalysts levels is shown in Figure 41. There was no significant 
interaction effect between the 1-butanol sprayed levels and catalyst levels. At the same 1-
butanol spray level, with the higher amount of acid catalyst injected, the formation of 
butyl acetate increased. At the same 1-butanol spray level, higher butyl acetate wt% 




Figure 41 The mean response plot for unreacted 1-butanol weight percent of 1-
butanol sprayed treatments at two levels (20 wt% and 10 wt%) and two 
H2SO4 catalyst levels (0.2 wt% and 1.0 wt%). 
 
Summarizing the examination of product properties, methanol or 1-butanol at two 
levels (10 and 20 wt%) with two catalyst levels (0.2 and 1.0 wt%) was sprayed into the 
pyrolysis zone to produce esterified bio-oil. For methanol esterified bio-oil, the two-way 
interaction in relation to methanol wt% and catalyst level was presented in terms of acid 
value, water content, viscosity, and HHVs. A further examination was required to choose 
the best reaction condition. For methanol treatments, at the same catalyst wt%, the 20 
wt% treatment had lower acid value, water content, and viscosity, as well as higher HHV 
compared to 10 wt% treatments. From GC-MS results, the higher methyl acetate and 




For the 1-butanol treatment, there was no interaction term of sprayed 1-butanol 
wt% and catalyst wt% with respect to acid value, viscosity, unreacted 1-butanol, and 
butyl acetate amount. With the increase of the sprayed 1-butanol wt% and catalyst wt%, 
the acid value, viscosity, and unreacted 1-butanol decreased, while the formation of butyl 
acetate increased. Thus, for the 1-butanol sprayed reaction, the 20 wt% with 1.0 wt% 
catalyst produced better results compared to other treatments. 
Comparison of spray bio-oil and batch bio-oil 
The first major difference detected between batch-esterified and spray-esterified 
bio-oil is that 1-btuanol did not produce a two-phase product for the spray method. The 
result found and confirmed by previous studies is that batch 1-butanol esterified bio-oil 
produced an aqueous and organic oil phase in a ratio of roughly 3 aqueous parts to 7 
organic parts. This two-phase product was not produced by the 1-butanol spray 
esterification. This fact was expected to have significant influence on the comparison of 
1-butanol batch-esterified and 1-butanol spray-esterified products. Both water and acids 
are normally fractured with the aqueous phase when bio-oil fractionates into two phases. 
For this reason, batch-esterified bio-oil would be expected to contain less acid and water 
in the organic phase which was the phase tested for product quality in this study. 
To test whether the sprayed and batch-esterified bio-oil had different 
characteristics between themselves t-tests were performed comparing the values for each 
treatment. As previously discussed, for batch-esterified bio-oil, the high alcohol level 
with low catalyst level reacted at 70 °C for 1 hour treatment showed the lowest water 
content and viscosity, highest HHV and relatively low acid value among methanol batch-
esterified treatments. For spray treatments, the high alcohol level with low catalyst 
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loading treatments was also one of the best treatments among all the treatments tested. 
Therefore, for methanol, the best batch-esterified bio-oil treatments were grouped and 
compared to the best sprayed-esterified bio-oil values. The 3 replicate values for each 
property were included in the tests to capture the influence of test variance (Table 26). 
The result of the t-tests showed that the batch-esterified bio-oil had acid values and 
viscosity significantly lower than for the sprayed values. However, for water content, 
there was no significant difference between batch and spray treatments. Therefore, for 
methanol the batch reaction had higher overall quality than for the spayed reaction. 
Table 26 Paired t-tests results comparing the characteristics of methanol esterified 
batch and spray bio-oil. 1) 












73.8 a 24.7 a 4.4 b 16.2 b 
1) Different letters to the right of the characteristic testing values indicate any significance 
of difference between treatments. 
For 1-butanol esterified bio-oil, as previously discussed, for batch esterified bio-
oil, the 20 wt% alcohol level with catalyzed by H2SO4 react at 120 °C for 2 h treatment 
showed the lowest acid value, and relatively low water content, and viscosity among 1-
butanol batch esterified treatments. For spray treatments, the high 1-butanol l level with 
low catalyst loading treatments was also one of the best treatments among all the 
treatments tested. Therefore, for 1-butanol, the best batch-esterified bio-oil treatments 
were grouped and compared to the best sprayed-esterified bio-oil values. The 3 replicate 
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values for each property were included in the tests to capture the influence of test 
variance (Table 27). The t-test result showed that the batch-esterified bio-oil had acid 
values, water content, and viscosity significantly lower than for the sprayed values. 
Therefore, the batched 1-butanol esterification reaction had higher quality compared to 
the sprayed treatments. 
Table 27 Paired t-test results comparing the characteristics of 1-butanol esterified 
batch and spray bio-oil. 1) 












76.7 a 21.2 a 11.0 b 17.8 b 
1) Different letters to the right of the characteristic testing values indicate any significance 
of difference between treatments. 
Stability study 
Stability studies of all the sprayed treatments and raw bio-oil were performed. 
The stability test procedure utilized accelerated aging at 80 °C for 24 h with acid value, 
water content and viscosity values tested at the 6, 12, 18, and 24 h of aging time. 
However, after 24 h of aging, phase separation occurred for all specimens regardless of 
alcohol type. In the sample bottles, a more viscous and dense phase was produced at the 
bottom and a less viscous and dense phase was present at the top. It is clear that following 
24 h at 80 °C components of the bio-oil polymerized, providing a two phase bio-oil. 
Thus, the acid value, water content, and viscosity values of the two phase bio-oil could 
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not accurately represent the bio-oil characteristics. For this reason, the results for the 24 h 
time period were considered invalid and were not utilized in the analysis.  
For the accelerated aging test in the Model 9 ANOVA the three-way interaction 
variable representing alcohol level, catalyst level, and aging time was found to be 
significant. Thus, it is required that examination of the independent variables be 
performed empirically to elucidate the interaction cause or causes. 
To analyze the meaning of the three-way interaction it was necessary to employ 
two two-dimensional plots of acid value for each of the two study alcohol levels (10 and 
20 wt%) in relation to aging time and catalyst level influence. The three factors: alcohol 
wt%, catalyst wt%, and aging time showed significant interaction in relation to the acid 
value for the methanol sprayed treatments.  
The acid value of methanol treatments at low alcohol level (10 wt%) was 
influenced by catalyst wt% and aging time as shown in Figure 42. The Figure 42 data 
show that acid value decreased differentially over equal time periods in relation to 
catalyst wt% levels. The acid value of the low catalyst wt% at low alcohol wt% decreased 
from 78.1 to 71.3 mg KOH/kg during 18 h of accelerated aging. By contrast, at the same 
alcohol wt%, the high catalyst wt% treatment decreased from 78.6 to 67.9 mg KOH/g for 
this time period. At 0 and 6 h, the acid values were similar for both the 0.2 and 1.0 wt% 
catalyst treatments, whereas beginning at 12 h of aging, the acid value for the low 




Figure 42 The mean response plot for acid value of methanol spray esterified bio-oil 
at low alcohol level (10 wt%) and two catalyst levels (0.2 and 1.0 wt%) at 
initial (0 h) and after accelerated aging at 80 °C for 6, 12, and 18 h. 
 
The acid value rates of change for the methanol spray treatments analyzed by 
ANOVA Model 8 are given in Table 28. For low alcohol wt%, the acid value rate of 
change for the low acid catalyst level decreased by -0.39, -0.28, and -0.37 mg KOH/g/h 
for 6, 12, and 18 h, respectively, compared to the acid rate of change for the high catalyst 
level of 0.49, 0.53, and 0.56 mg KOH/g/h. At 12 h, the rate of change of the high catalyst 
treatment was almost double that for the low catalyst treatment. This was an expected 
result as the additional catalyst acted to complete the esterification reaction to produce 




Table 28 Comparison of means test results 1) within each aging period for the raw and 
methanol spray bio-oil’s acid value rate of change (mg KOH/g/h) after 
aging at 80 °C for 6, 12, and 18 h.  
  6 h (mg KOH/g/h) 12 h (mg KOH/g/h) 18 h (mg KOH/g/h) 
Raw bio-oil 0.55 a 0.26 a 0.09 a 
20 wt% methanol 0.2 
wt% H2SO4 
-0.44 bc -0.53 c -0.55 c 
10 wt% methanol 0.2 
wt% H2SO4 
-0.39 b -0.28 b -0.37 a 
20 wt% methanol  
1.0 wt% H2SO4 
-1.05 d -0.60 d -0.63 d 
10 wt% methanol  
1.0 wt% H2SO4 
-0.49 c -0.53 c -0.56 cd 
1) Different letters to the right of the acid value rate of change values indicate any 
significance of difference between treatments. 
The acid values of methanol treatments at the high alcohol level (20 wt%) are 
shown in Figure 43. Again, the acid values decreased differentially over equal time 
periods in relation to the catalyst wt% levels applied. The acid value for the low catalyst 
wt% at low alcohol wt% decreased from 73.9 to 64.1 mg KOH/kg during the 18 h 
accelerated aging. By contrast, at the same alcohol wt%, the high catalyst wt% treatment 
decreased from 67.0 to 55.7 mg KOH/g. Figure 43 shows that the acid values for all 
treatment periods decreased similarly with aging time for the high catalyst wt%. 
However, the acid value rate of change was not the same for the different aging periods. 
Table 28 shows that, at high alcohol wt% (20 wt%), the acid value rate of change for the 
high catalyst level was more rapid and decreased by -1.05, -0.6, and -0.63 mg KOH/g /h 
for 6, 12, and 18 h, respectively. For the low catalyst level the acid value rate of change 
decreased more slowly at -0.44, -0.53, and -0.55 mg KOH/g/h. The results described for 
Figures 42 and 43 indicate that higher catalyst wt% increases acid value rate of change as 
measured by reduced acid value. The acid values were lower for the higher catalyst 
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loading. At the same catalyst level and the higher alcohol level the acid value was lower 
compared to the low alcohol level. As shown in Figures 42 and 43, the interaction joint 
effect of catalyst in relation to aging time is not the same at low and high alcohol levels; 
there was three-way interaction between the alcohol wt%, catalyst wt%, and aging time. 
 
Figure 43 The mean response plot for acid value of methanol spray esterified bio-oil 
at high alcohol level (20 wt%) and two catalyst levels (0.2 and 1.0 wt%) at 
initial and after accelerated aging at 80 °C for 6, 12, and 18 h. 
 
Because of the significance of the acid value interaction terms in the ANOVA 
Model 9, it is difficult to separate acid value means with regard to the variable levels. 
Therefore, in order to compare the mean acid value of each treatment combination at the 
same aging period, the ANOVA Model 8 was employed to statistically show the acid 
value means for each treatment at the same aging period. The acid value means at 
different aging periods are given in Table 29. Different letters indicate a significant 
difference in treatment combinations within each aging time period. For 6, 12, and 18 h 
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of aging periods, the 20 wt% methanol with 1.0 wt% H2SO4 had the significantly lowest 
acid value of 60.7, 59.8, and 55.7 mg KOH/g among the treatments. The 20 wt% 
methanol with 0.2 wt% H2SO4 treatment had the second lowest acid value over all time 
periods at 71.2, 67.5, and 64.1 mg KOH/g, while the raw bio-oil had the significantly 
highest acid value at 94.4, 94.3, and 92.6 mg KOH/g over the 6, 12, and 18 h aging. At 6 
h of aging, the acid values of both low and high catalyst wt% with 10 wt% methanol 
treatments did not differ significantly from each other and had the highest acid value 
except for raw bio-oil. At 12 and 18 h of aging periods, the low methanol with high 
catalyst treatment decreased faster (72.2 and 67.9 mg KOH/g) compared to low methanol 
with low catalyst treatment (74.7 and 71.7 mg KOH/g). Therefore, the 20 wt% methanol 
with 1.0 wt% catalyst is the best treatment with respect to acid value after accelerated 
aging. 
Table 29 Comparison of means test results 1) within each aging period for the acid 
value for the raw and methanol spray bio-oil acid value means after aging at 
80 °C for 6, 12, and 18 h. 
 6 h (mg KOH/g) 12 h (mg KOH/g) 18 h (mg KOH/g) 
Raw bio-oil 94.4 a 94.3 a 92.6 a 
20 wt% methanol 0.2 
wt% H2SO4 
71.2 c 67.5 e 64.1 d 
10 wt% methanol 0.2 
wt% H2SO4 
75.7 b 74.7 b 71.3 
20 wt% methanol  
1.0 wt% H2SO4 
60.7 d 59.8 e 55.7 e 
10 wt% methanol  
1.0 wt% H2SO4 
75.6 b 72.2 c 67.9 c 
1) Different letters to the right of the acid values indicate any significance of difference 
between treatments. 
The Model 9 ANOVA was applied to test the acid value of accelerated aging 1-
butanol treatments and, as for the methanol treatments, showed significant three-way 
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interaction. To elucidate the cause or causes of the three-way interaction, two two-
dimensional plots were drawn to analyze the interaction effect. Figure 44 shows the mean 
response plot for acid value of 1-butanol sprayed esterified bio-oil at low alcohol level 
(10 wt%), the influence of catalyst levels (0.2 and 1.0 wt%) and aging time (0, 6,12, and 
18 h).  
Figure 44 shows that acid values of 1-butanol treatments at the low alcohol level 
(10 wt%) were influenced by catalyst wt% and aging time. The acid values changed 
differentially over equal time periods related to the catalyst wt% levels. The acid value of 
the low catalyst wt% at low alcohol wt% decreased from 82.4 to 80.4 mg KOH/kg during 
the 18 h accelerated aging. By contrast, at the same alcohol wt%, the high catalyst wt% 
treatment decreased from 80.1 to 75.0 mg KOH/g over 18 h of aging. 
 
Figure 44 The mean response plot for acid value of 1-butanol spray esterified bio-oil 
at low alcohol spray level (10 wt%) and two catalyst levels (0.2 and 1.0 




The acid value rates of change of the 1-butanol spray treatments are given in 
Table 30. At the low alcohol level and low catalyst level, the acid value for 1-butanol 
increased to 0.26 mg KOH/g /h in the first 6 h of aging at 80 °C, and then decreased at 
0.12 and 0.11 mg KOH/g /h for the 12 and 18 h periods. For low alcohol level and high 
catalyst level, the acid value decreased, from -0.11, -0.16, and -0.28 mg KOH/g /h for 6, 
12 and 18 h, respectively. Thus, at the same low alcohol level, 1-butanol treatments with 
the high acid catalyst demonstrated a higher acid value rate of change. This result of 
faster rate of change towards faster lower acidity for the high catalyst level was similar to 
that for methanol. 
Table 30 Comparison of means test results 1) within each aging period for the acid 
value rate of change (mg KOH/g/h) for the raw and 1-butanol spray bio-oil’s 
from initial acid value at time zero and after aging at 80 °C for 6, 12, and 18 
h. 
 6 h (mg KOH/g/h) 12 h (mg KOH/g/h) 18 h (mg KOH/g/h) 
Raw bio-oil 0.55 a 0.26 a 0.09 a 
20 wt% 1-butanol 0.2 
wt% H2SO4 
0.15 b -0.12 b -0.21 c 
10 wt% 1-butanol 0.2 
wt% H2SO4 
0.26 c -0.12 b -0.11 b 
20 wt% 1-butanol  
1.0 wt% H2SO4 
-0.62 e -0.61 c -0.56 d 
10 wt% 1-butanol  
1.0 wt% H2SO4 
-0.11 d -0.16 b -0.28 c 
1) Different letters to the right of the acid value rate of change values indicate any 
significance of difference between treatments. 
The acid value of 1-butanol treatments at high alcohol level (20 wt%) was also 
influenced by catalyst wt% and aging time as shown in Figure 45. Figure 45 shows that 
the acid value changed differentially over equal time periods related to the catalyst wt% 
levels. The acid value for the low catalyst wt% at low alcohol wt% decreased from 76.7 
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to 72.8 mg KOH/kg during the 18 h accelerated aging. By contrast, at the same alcohol 
wt% for the high catalyst wt% treatment acid value decreased from 74.1 to 67.1 mg 
KOH/g. The acid value rate of change for the 1-butanol spray treatments shown is given 
in Table 30. At the higher alcohol level, the acid value rate of change at high catalyst 
level increased over the first 6 h of aging from 77.6 to 76.7 mg KOH/ g for the low 
catalyst treatments. For the high catalyst level, the acid value rate of change decreased 
from -0.62, -0.61, and -0.56 mg KOH/g /h for 6, 12, and 18 h time periods, respectively. 
As found for the methanol treatments, at the same alcohol level, 1-butanol treatments 
with the high acid catalyst had a higher acid value negative rate of change compared to 
the low acid catalyst treatments. These results for both methanol and 1-butanol treatments 
are similar. The high catalyst treatment resulted in a more rapid acid value rate change. 
The increased negative rate of change produced a lower acid value. This result indicates 
that for the spray treatment, higher catalyst loading produced lower acid value. This was 
likely due to the increased speed of the reaction over the short reaction period available 
during the spray treatment. As shown in Figures 44 and 45, the interaction effect of 
catalyst in relation to aging time was different at low and high 1-butanol spray levels; 
therefore, there was significant interaction between the alcohol wt%, catalyst wt%, and 




Figure 45 The mean response plot for acid value of 1-butanol spray esterified bio-oil 
at high alcohol spray level (20 wt%) and two catalyst levels (0.2 and 1.0 
wt%) at initial (0 h) and after accelerated aging at 80 °C for 6, 12, and 18 h. 
 
Because of the significance of the interaction terms presented in the ANOVA 
Model 9, it is difficult to separate acid value means with regard to the variable levels. 
Therefore, in order to compare the mean acid value of each treatment combination at the 
same aging period, the ANOVA Model 8 was employed to statistically investigate the 
acid value means at the same aging period. The acid value means at different aging 
periods are given in Table 31. Different letters indicate a significant difference in 
treatment combination within each aging time period. For 6, 12, and 18 h of aging 
periods, the 20 wt% 1-butanol with 1.0 wt% H2SO4 had the lowest acid value of 71.1, 
71.2, and 68.1 mg KOH/g among the treatments. The 20 wt% 1-butanol with 0.2 wt% 
H2SO4 treatment had the second lowest acid values over all time periods at 77.6, 75.3, 
and 72.7 mg KOH/g, while the raw bio-oil had the highest acid values at 94.4, 94.3, and 
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92.6 mg KOH/g over the 6, 12, and 18 h aging. Therefore, the 20 wt% 1-butanol with 1.0 
wt% H2SO4 showed a superior acid value during accelerated aging. 
Table 31 Comparison of means test results 1) within each aging period for the raw and 
1-butanol spray bio-oil acid value means after aging at 80 °C for 6, 12, and 
18 h. 
 6 g (mg KOH/g) 12 h (mg KOH/g) 18 h (mg KOH/g)) 
Raw bio-oil 94.4 a 94.3 a 92.6 a 
20 wt% 1-butanol 0.2 
wt% H2SO4 
77.6 d 75.3 d 72.8 d 
10 wt% 1-butanol 0.2 
wt% H2SO4 
84.0 b 81.0 b 80.4 b 
20 wt% 1-butanol  
1.0 wt% H2SO4 
71.1 e 71.2 e 68.1 e 
10 wt% 1-butanol  
1.0 wt% H2SO4 
79.5 c 78.2 c 75.1 c 
1) Different letters to the right of the acid value means indicate any significance of 
difference between treatments. 
The acid values of raw and spray-treated bio-oil before and after accelerated aging 
tests are shown graphically in Figure 46. The histograms for each treatment combination 
are provided for initial and subsequent (6, 12, and 18 h) aging periods. The results of the 
Model 10 ANOVA are provided as letters above each period histogram with different 
letters indicating a significant difference between aging period results. These results show 
that for raw bio-oil the acid value for the 6 and 12 h periods increased above that for the 
initial condition; for the 18 h period there was a slight decrease in acid value. While 
lower than the acid value for the 6 h and 12 h periods. The 18 h acid value was 




Figure 46 Comparison of means test results 1) for the acid value of raw and spray 
treated esterified bio-oil at initial and after aging for 6, 12, and 18 h at 80 
°C. 
1) Different letters indicate any significance of difference between aging periods. 
Comparison to the results for raw bio-oil, both methanol and 1-butanol acid value 
changed differently over time. The methanol treatments show a steady and uniform 
decline in acid value for each period after the initial condition. 1-butanol acid values were 
more erratic than for methanol with both increases and decreases in acid value occurring 
for some periods. However, with 1-butanol, compared to methanol, whether the period’s 
acid value change was up or down, the degree of change was much less per period. This 
can be verified by examination of the acid value rates of change given for methanol in 
Table 28 and for 1-butanol in Table 30.  
To test whether the methanol and 1-butanol acid values changed differentially 
between themselves paired t-tests were performed comparing the values for each aging 
period. Therefore, all aging period values for methanol treatments were grouped and 
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compared to all 1-butanol aging period values. The 3 replicate values for each aging 
period were included in the tests to capture the influence of test variance. The result of 
the paired t-tests showed that the methanol acid values were significantly lower than for 
the 1-butanol values. Another paired t-test was performed to compare the mean acid 
value rate of change of methanol and 1-butanol treatments at the same alcohol wt% level 
and catalyst wt% level. The paired t-test results showed a significant difference between 
the two alcohol types with methanol demonstrating a higher acid value rate of change. 
The Model 9 ANOVA was employed to analyze change in water content during 
accelerated aging of the methanol spray treatment products. The ANOVA three-way 
interaction variable representing alcohol level, catalyst level, and aging time was not 
significant. However, the three two-way interaction terms: alcohol wt% * catalyst wt%, 
alcohol wt% * aging time, and catalyst wt% * aging time all showed significant 
interaction in relation to water content for the methanol sprayed treatments. Thus, it is 
required that examination of the independent variables be performed empirically to 
elucidate the interaction cause or causes. To analyze the meaning of the three two-way 
interactions it is necessary to employ two two-dimensional plots of acid value for each of 
the two study alcohol levels (10 and 20 wt%) in relation to aging time and catalyst level 
influence.  
The water content of methanol treatments at low alcohol level (10 wt%) was 
influenced by catalyst wt% and aging time as shown in Figure 47. The Figure 47 data 
show that water content changed differentially over equal time periods in relation to 
catalyst wt% levels. The water content of the low catalyst wt% at low alcohol wt% 
increased from 26.3 to 28.1 wt% during the 18 h accelerated aging. At the same alcohol 
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wt%, the high catalyst wt% (1.0 wt%) treatment increased from 25.3 to 28.2 wt%. For the 
initial condition and 6 h treatment, the water content values were similar for both the 0.2 
and 1.0 wt% catalyst treatments, whereas beginning at 12 h of aging, the water content 
for the low catalyst level did not decrease as much as for the high catalyst treatments.  
 
Figure 47 The mean response plot for water content of methanol spray esterified bio-
oil at low alcohol level (10 wt%) and two catalyst levels (0.2 and 1.0 wt%) 
at initial (0 h) and after accelerated aging at 80 °C for 6, 12, and 18 h. 
 
The water content rates of change for the methanol spray treatments are given in 
Table 32. For low alcohol level, at the low alcohol wt%, the high catalyst level had 
significantly higher water content rate of change of 0.39, 0.26, and 0.16 wt%/h compared 
to that of the low catalyst level, 0.01, 0.06, and 0.1 wt%/h. 
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Table 32 Comparison of means test results 1) within each aging period for the water 
content rate of change (wt%/h) for the raw bio-oil and methanol spray 
esterified bio-oil during aging at 80 °C for 6, 12, and 18 h. 
 6 h (wt%/h) 12 h (wt%/h) 18 h (wt%/h) 
Raw bio-oil 0.37 a 0.15 c 0.07 d 
20 wt% methanol 0.2 
wt% H2SO4 
0.20 b 0.05 d 0.10 c 
10 wt% methanol 0.2 
wt% H2SO4 
0.01 c 0.016c 0.10 c 
20 wt% methanol  
1.0 wt% H2SO4 
0.42 a 0.22 a 0.13 b 
10 wt% methanol  
1.0 wt% H2SO4 
0.39 a 0.26 ac 0.16 a 
1) Different letters to the right of the acid value rate of change values indicate any 
significance of difference between treatments. 
The water content for the methanol treatments at high alcohol level (20 wt%) was 
influenced by catalyst wt% and aging time as shown in Figure 48. The Figure 48 data 
show that water content changed differentially over the same time periods in relation to 
catalyst wt% levels. The water content of low catalyst wt% at high alcohol wt% increased 
from 24.7 to 26.5 wt% during the 18 h 80 °C accelerated aging. By contrast, at the same 
alcohol wt% (20 wt%) for the high catalyst wt% (1.0 wt%) treatment the water content 
increased from 25.2 to 27.4 wt%. The water content rates of change for methanol 
treatments during the 80 °C 18 h aging are given in Table 32. At high alcohol wt%, the 
high catalyst treatment water content rate of change increased 0.42, 0.22, and 0.13 
wt%/h; the rate of change for the low catalyst treatment decreased significantly faster 
compared to the reduction of 0.2, 0.05, and 0.1 water content wt%/h. This is the expected 
result because the higher catalyst level will catalyze the reaction more completely 
compared to the low catalyst level treatments; thus the water, as a byproduct of the 
esterification reaction, would increase over time. The water content rate of change 
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decreased with aging time in both treatments, which might be because at conditions 
closer to equilibrium, the reaction rate slows. 
 
Figure 48 The mean response plot for water content of methanol spray esterified bio-
oil at high alcohol level (20 wt%) and two catalyst levels (0.2 and 1.0 wt%) 
at initial (0 h) and after accelerated aging at 80 °C for 6, 12, and 18 h. 
 
Because of the interaction terms presented in the ANOVA Model 9, it is difficult 
to separate water content means with regard to the variable levels. Therefore, in order to 
compare the mean water content of each treatment combination at the same aging period, 
the ANOVA Model 8 was employed to statistically test the water content means at the 
same aging period. The water content means at different aging periods were given in 
Table 33. Different letters indicate a significant difference in treatment combinations 
within each aging time period. For 6 and 12 h of aging periods, the 20 wt% methanol 
with 1.0 wt% H2SO4 had the lowest water content of 25.9 and 25.3 wt% among the 
 
131 
treatments. For 18 h of aging, the 20 wt% methanol with 0.2 wt% catalyst had the lowest 
water content of 26.5 wt%. The raw bio-oil had the highest water content for each of the 
aging periods. Therefore, the 20 wt% with 1.0 wt% H2SO4 had the best water content 
properties during the accelerated aging. 
Table 33 Comparison of means test results 1) within each aging period for the water 
content (wt%) of the raw and methanol spray esterified oil during aging at 
80 °C for 6, 12, and 18 h.  
 6 h (wt%) 12 h (wt%) 18 h (wt%) 
Raw bio-oil 28.8 a 28.4 a 28.4 a 
20 wt% methanol 0.2 
wt% H2SO4 
27.7 b 27.9 b 26.5 d 
10 wt% methanol 0.2 
wt% H2SO4 
27.6 b 28.4 a 28.1 ab 
20 wt% methanol  
1.0 wt% H2SO4 
25.9 d 25.3 d 27.4 c 
10 wt% methanol  
1.0 wt% H2SO4 
26.3 c 27.0 c 28.2 ab 
1) Different letters indicate any significance of difference between treatments. 
The Model 9 ANOVA was applied to test the water content of accelerated aging 
1-butanol treatments. It showed significant three-way interaction between alcohol wt%, 
catalyst wt%, and aging time. To elucidate the cause or causes of the three-way 
interaction, two two-dimensional plots were drawn to analyze the interaction effect. 
Figure 49 shows the mean response plot for water content of 1-butanol sprayed esterified 
bio-oil at low alcohol level (10 wt%), the influence of catalyst levels (0.2 and 1.0 wt%) 
and aging time (0, 6,12, and 18 h). The water content changed differentially over equal 
time periods related to the catalyst wt% levels. The water content of the low catalyst wt% 
at low alcohol wt% increased from 22.6 to 25.1 wt% during the 18 h accelerated aging. 
 
132 
By contrast, at the same alcohol wt%, the high catalyst wt% treatment increased from 
24.6 to 27.3 wt% for 18 h of aging. 
 
Figure 49 The mean response plot for water content of 1-butanol spray esterified bio-
oil at low alcohol level (10 wt%) and two catalyst levels (0.2 and 1.0 wt%) 
at initial (0 h) and after accelerated aging at 80 °C for 6, 12, and 18 h. 
 
The water content rates of change data for the 1-butanol spray treatments are 
given in Table 34. At the low alcohol level and low catalyst level, the water content for 1-
butanol increased 0.29, 0.12, and 0.14 wt%/h during the 6, 12, and 18 h of aging at 80 °C. 
For the high catalyst level, the water content increased 0.44, 0.14, 0.15 wt%/h, for 6, 12 
and 18 h, respectively. Thus, at the same low alcohol level, 1-butanol treatments with the 
high acid catalyst demonstrated a higher water content rate change. 
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Table 34 Comparison of means test results 1) within each aging period for the water 
content rate of change (wt%/h) of the raw and 1-butanol spray esterified oil 
during aging at 80 °C for 6, 12, and 18 h. 
 6 h (wt%) 12 h (wt%) 18 h (wt%) 
Raw bio-oil 0.37 a1) 0.15 c 0.07 c 
20 wt% 1-butanol 0.2 
wt% H2SO4 
0.15 d 0.07 b 0.18 a 
10 wt% 1-butanol 0.2 
wt% H2SO4 
0.29 c 0.12 a 0.14 b 
20 wt% 1-butanol  
1.0 wt% H2SO4 
0.26 c 0.15 a 0.16 b 
10 wt% 1-butanol  
1.0 wt% H2SO4 
0.44 a 0.14 a 0.15 b 
1) Different letters indicate any significance of difference between treatments. 
Figure 50 shows the mean response plot for water content of 1-butanol sprayed 
esterified bio-oil at high alcohol level (20 wt%), the influence of catalyst levels (0.2 and 
1.0 wt%) and aging time (0, 6,12, and 18 h). The water content changed differentially 
over equal time periods related to some catalyst wt% levels for same periods of aging. 
The water content of the low catalyst wt% at high alcohol wt% increased from to 21.2 
wt% to 24.5 wt% during the 18 h accelerated aging. At the same alcohol wt%, the high 





Figure 50 The mean response plot for water content of 1-butanol spray esterified bio-
oil at high alcohol level (20 wt%) and two catalyst levels (0.2 and 1.0 wt%) 
at initial (0 h) and after accelerated aging at 80 °C for 6, 12, and 18 h. 
 
Referring to the water content rates of change for the 1-butanol spray treatments 
given in Table 34 for the high alcohol level and the low catalyst level the water content 
for 1-butanol increased 0.15, 0.07, and 0.18 wt%/h during the 6, 12, and 18 h of aging at 
80 °C. For the high catalyst level, the water content increased 0.26, 0.15, 0.16 wt%/h, for 
6, 12 and 18 h, respectively. For initial water content, at the high alcohol level, the low 
and high catalyst treatment had similar water content values of 21.2 and 21.5 wt%. 1-
butanol treatments with the high acid catalyst demonstrated a higher water content rate of 
change for 6 and 12 h of accelerated aging. For 18 h of aging, the water content rate of 
change for the low catalyst level increased to a significantly higher rate of change (0.18 
wt%/h) than for the high catalyst treatment (0.16 wt%/h). At the end of 18 h aging, there 
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was no significant difference in the water content of low and high catalyst level 
treatment. 
Because of significance of the interaction terms present in the ANOVA Model 9, 
it is difficult to separate water content means with regard to the variable levels. 
Therefore, in order to compare the mean water content of each treatment combination at 
the same aging period, the ANOVA Model 8 was employed to statistically separate the 
water content means for the same aging period. The water content means at different 
aging periods are given in Table 35. Different letters indicate a significant difference in 
treatment combination within each aging time period. For the 6 h and 18 h of aging 
periods, the 20 wt% 1-butanol with 1.0 wt% H2SO4 and 0.2 wt% H2SO4 did not differ 
significantly and had the lowest water content values of the treatments. For 12 h of aging, 
the 20 wt% 1-butanol with 0.2 wt% catalyst had the significantly lowest water content of 
22.1 wt%. The raw bio-oil had the highest water content throughout all the aging periods. 
Therefore, regardless of the catalyst wt%, the 20 wt% of 1-butanol treatments had lower 




Table 35 Comparison of means test results 1) within each aging period for the raw and 
1-btuanol spray bio-oil water content means after aging at 80 °C for 6, 12, 
and 18 h. 
 6 h (wt%) 12 h (wt%) 18 h (wt%) 
Raw bio-oil 28.8 a 28.4 a 28.4 a 
20 wt% 1-butanol 0.2 
wt% H2SO4 
22.1 d 22.1 e 24.5 d 
10 wt% 1-butanol 0.2 
wt% H2SO4 
24.3 c 24.0 c 25.1 c 
20 wt% 1-butanol  
1.0 wt% H2SO4 
22.1 d 23.3 d 24.4 d 
10 wt% 1-butanol  
1.0 wt% H2SO4 
27.3 b 26.3 b 27.3 b 
1) Different letters indicate any significance of difference between treatments. 
The water content of raw and spray treated bio-oil before and after accelerated 
aging tests are shown graphically in Figure 51. The histograms for each treatment 
combination were statistically compared between initial and subsequent (6, 12, and 18 h) 
aging periods. The results of the Model 10 ANOVA are provided as letters above each 
period’s histogram with different letters indicating a significant difference between aging 
period results. As Figure 51 shows, for both methanol and 1-butanol treated bio-oils, the 
water content increased over 18 h of aging.  
To test whether the methanol and 1-butanol water content changed differentially 
between each alcohol paired t-tests were performed comparing the values for each aging 
period. Therefore, all aging period values for methanol treatments were grouped and 
compared to all 1-butanol aging period values. The 3 replicate values for each aging 
period were included in the tests to capture influence of experimental variance. The 
paired t-test results indicated that for the same alcohol wt% and catalyst wt% level, the 
methanol treatment had higher water content compared to the 1-butanol treatment. A 
second t-test was performed to evaluate the water content rate of change among all 
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methanol and all 1-butanol treatments. The paired t-test indicated that at the same alcohol 
wt% and catalyst wt% level, the water content rate of change did not differ significantly 
between methanol and 1-butanol treatments.  
 
Figure 51 Comparison of means test results 1) for the water content of raw and spray 
treated esterified bio-oil at initial and after aging at 80 °C for 6, 12, and 18 
h. 
1) Different letters indicate any significance of difference between aging periods. 
The Model 9 ANOVA was employed to analyze viscosity change resulting from 
accelerated aging testing of the methanol spray treatments. The ANOVA three-way 
interaction variable representing alcohol level, catalyst level, and aging time was found to 
be significant. Thus, it is required that examination of the independent variables be 
performed empirically to elucidate the interaction cause or causes. To analyze the 
meaning of the three-way interaction it is necessary to employ two two-dimensional plots 
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of viscosity for each of the two study alcohol levels (10 and 20 wt%) in relation to aging 
time and catalyst level influence.  
The three-way interaction term showed a significant interaction in relation to the 
viscosity for the methanol sprayed treatments. The viscosity of methanol treatments at the 
low alcohol level (10 wt%) were influenced by catalyst wt% and aging time as shown in 
Figure 52. The Figure 52 data show that viscosity changed differentially over equal time 
periods in relation to catalyst wt% levels. The viscosity of the low catalyst wt% at low 
alcohol wt% increased from 7.1 to 8.8 cSt during the 18 h accelerated aging. By contrast, 
at the same alcohol wt%, the high catalyst wt% (1.0 wt%) treatment increased from 8.0 to 
8.7 cSt.  
 
Figure 52 The mean response plot for viscosity of methanol spray esterified bio-oil at 
low alcohol level (10 wt%) and two catalyst levels (0.2 and 1.0 wt%) at 




The viscosity rates of change for the methanol spray treatments are given in Table 
36. For the 6 and 12 h aging period, at the low alcohol wt%, the low catalyst level had a 
significantly higher viscosity rate of change, and increased 0.1 and 0.27 cSt/h, compared 
to the low catalyst level which decreased 0.05 and increased 0.04 cSt/h. At 18 h, at low 
alcohol wt%, low catalyst treatment compared with high catalyst treatment did not have a 
significantly higher viscosity rate of change at 0.07 compared to 0.04 cSt. 
Table 36 Comparison of means test results 1) within each aging period for the 
viscosity rate of change (cSt/h) of the raw and methanol spray esterified oil 
during aging at 80 °C for 6, 12, and 18 h. 
 6 h (cSt/h) 12 h (cSt/h) 18 h (cSt/h) 
Raw bio-oil 0.06 c 0.07 b 0.04 b 
20 wt% methanol 0.2 
wt% H2SO4 
0.15 a 0.24 a 0.12 a 
10 wt% methanol 0.2 
wt% H2SO4 
0.10 b 0.27 a 0.07 b 
20 wt% methanol  
1.0 wt% H2SO4 
0.06 c -0.05 c -0.01 c 
10 wt% methanol  
1.0 wt% H2SO4 
-0.05 d 0.04 b 0.04 b 
1) Different letters indicate any significance of difference between treatments.  
The product viscosity following methanol treatments at high alcohol level (20 
wt%) was influenced by catalyst wt% and aging time as shown in Figure 53. The Figure 
53 data show that viscosity changed differentially over equal time periods in relation to 
catalyst wt% levels. The viscosity of the low catalyst wt% at high alcohol wt% increased 
from 6.9 to 8.4 cSt during the 18 h of accelerated aging. By contrast, for the same 18 h 
period at the same alcohol wt%, the high catalyst wt% (1.0 wt%) treatment increased 
less, from 6.4 to 6.3 cSt. The viscosity rates of change for the methanol spray treatments 
are given in Table 36. For 6, 12, and 18 h aging period, at the low alcohol wt%, the low 
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catalyst level had a significantly higher viscosity rate of change increasing by 0.15, 0.24 
and 0.12 cSt/h, respectively, compared to the low catalyst level which increased 0.06 and 
decreased 0.05 and 0.01 cSt/h. The viscosities for the low catalyst methanol treatment 
were significantly higher due to the lower water content (Table 33). 
 
Figure 53 The mean response plot for viscosity of methanol spray esterified bio-oil at 
high alcohol level (20 wt%) and two catalyst levels (0.2 and 1.0 wt%) at 
initial (0 h) and after accelerated aging at 80 °C for 6, 12, and 18 h. 
 
Because of the significance of the interaction presented in the ANOVA Model 9, 
it is difficult to separate viscosity means with regard to the variable levels. Therefore, in 
order to compare the mean viscosity of each treatment combination at the same aging 
period, the ANOVA Model 8 was employed to statistically analyze the viscosity means 
for the same aging period. The viscosity means at different aging periods are given in 
Table 37. Different letters indicate a significant difference in treatment combinations 
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within each aging time period. For 6, 12 and 18 h of aging, the 20 wt% methanol with 1.0 
wt% H2SO4 had significantly lowest viscosity of 6.7, 5.8 and 6.3 cSt among the 
treatments. Therefore, the 20 wt% methanol with 1.0 wt% H2SO4 had the lowest viscosity 
during the aging. 
Table 37 Comparison of means test results 1) within each aging period for the 
viscosity (cSt) of the raw and methanol spray esterified oil during 80 °C for 
6, 12, and 18 h. 
 6 h (cSt) 12 h (cSt) 18 h (cSt) 
Raw bio-oil 10.1 a 10.7 a 10.5 a 
20 wt% methanol 0.2 
wt% H2SO4 
7.8 b 9.8 b 9.1 b 
10 wt% methanol 0.2 
wt% H2SO4 
7.7 b 10.4 b 8.3 c 
20 wt% methanol  
1.0 wt% H2SO4 
6.7 c 5.8 d 6.3 d 
10 wt% methanol  
1.0 wt% H2SO4 
7.7 b 8.5 c 8.7 bc 
1) Different letters indicate any significance of difference between treatments. 
The Model 9 ANOVA was employed to analyze viscosity differences for the 
accelerated aging testing of the 1-butanol spray treatments. The ANOVA three-way 
interaction variable representing alcohol level, catalyst level, and aging time was not 
found to be significant. However, the two-way interaction term alcohol wt% and catalyst 
wt%, alcohol wt% and aging time, catalyst wt% and aging time showed significant 
interaction in relation to the viscosity for the 1-butanol sprayed treatments. Thus, it is 
required that examination of the independent variables be performed empirically to 
elucidate the interaction cause or causes. To analyze the meaning of the three-way 
interaction it is necessary to employ two two-dimensional plots of acid value for each of 
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the two study alcohol levels (10 and 20 wt%) in relation to aging time and catalyst level 
influence. 
Figure 54 shows the viscosity of 1-butanol treatments at low alcohol level (10 
wt%) was influenced by catalyst wt% and aging time. The viscosity changed 
differentially over equal time periods in relation to catalyst wt% levels. The viscosity of 
the low catalyst wt% at low alcohol wt% ranged from 8.9 to 11.6 cSt during the 18 h 
accelerated aging period. By contrast, at the same alcohol wt%, the high catalyst wt% 
(1.0 wt%) treatment increased from 7.7 to 11.4 cSt.  
 
Figure 54 The mean response plot for viscosity of 1-butanol spray esterified bio-oil at 
low alcohol level (10 wt%) and two catalyst levels (0.2 and 1.0 wt%) at 
initial (0 h) and after accelerated aging at 80 °C for 6, 12, and 18 h. 
 
The viscosity rates of change for the 1-butanol spray treatments are given in Table 
38. For 6, 12, and 18 h aging periods, at the same low alcohol wt%, the respective 
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viscosity rate of change values for the low catalyst level decreased 0.06 and 0.2 cSt/h and 
increased 0.14 cSt/h compared to the low catalyst level values which decreased 0.14 and 
0.17 cSt/h and increased 0.15 cSt/h. For 6 h, the viscosity rate of change at high catalyst 
level decreased significantly faster than low catalyst treatment. For 6 and 18 h, there was 
no significant difference between the low and high catalyst treatment. The change in 
viscosity rate of change values for 1-butanol was considered more volatile than for 
methanol.  
Table 38 Comparison of means test results 1) within each aging period for the 
viscosity rate of change (cSt/h) of the raw and 1-butanol spray esterified oil 
during aging at 80 °C for 6, 12, and 18 h.  
 6 h (cSt/h) 12 h (cSt/h) 18 h (cSt/h) 
Raw bio-oil 0.06 a 0.07 c 0.07 c 
20 wt% 1-butanol 0.2 
wt% H2SO4 
-0.09 bc -0.08 abc 0.18 a 
10 wt% 1-butanol 0.2 
wt% H2SO4 
-0.06 b -0.02 c 0.14 b 
20 wt% 1-butanol  
1.0 wt% H2SO4 
-0.44 d -0.03 abc 0.16 b 
10 wt% 1-butanol  
1.0 wt% H2SO4 
-0.14 c -0.17 bc 0.15 b 
1) Different letters indicate any significance of difference between treatments. 
The viscosity changed differentially over equal time periods in relation to catalyst 
wt% levels. The viscosity of the low catalyst wt% at high alcohol wt% ranged from 8.9 to 
11.6 cSt during the 18 h accelerated aging. By contrast, for the 18 h period, at the same 
alcohol wt%, the high catalyst wt% (1.0 wt%) treatment increased from 7.7 to 11.4 cSt. 
Therefore, the low catalyst wt% had higher viscosity compared to the high catalyst wt% 




Figure 55 The mean response plot for viscosity of 1-butanol spray esterified bio-oil at 
high alcohol level (20 wt%) and two catalyst levels (0.2 and 1.0 wt%) at 
initial (0 h) and after accelerated aging at 80 °C for 6, 12, and 18 h. 
 
The viscosity rates of change for the 1-butanol spray treatments are given in Table 
39. For 6, 12, and 18 h aging periods, at the same low alcohol wt%, the viscosity of the 
low catalyst level decreased 0.06 and 0.2 cSt /h and increased 0.14 cSt/h compared to the 
low catalyst level which decreased 0.14 and 0.17 cSt/h and increased 0.15 cSt/h. For 6 h, 
the viscosity rate of change at high catalyst level decreased significantly faster than for 
the low catalyst treatment. For 6 and 18 h, there was no significant difference between 
the low and high catalyst treatment. Again, despite the increased alcohol percentage level 
the viscosity rate of change values were somewhat more volatile compared to those for 
methanol.  
Because of the significance of the interaction terms present in the ANOVA Model 
9, it is difficult to separate viscosity means with regard to the variable levels. Therefore, 
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in order to compare the mean viscosity of each treatment combination at the same aging 
period, the ANOVA Model 8 was employed to statistically analyze the viscosity means at 
the same aging period. The viscosity means at different aging periods are given in Table 
39. Different letters indicate the significant difference between each treatment 
combination within each aging time period. For 6 and 12 h of aging periods, the 20 wt% 
1-butanol with 1.0 wt% catalyst had significantly lower viscosity compared to other 
treatments. Although at 18 h of aging, the viscosity of 20 wt% 1-butanol treatments 
increased to the second highest, it was still well below standard viscosity for the pyrolysis 
biofuel (125 cSt max). Therefore, 20 wt% 1-butanol with 1.0 wt% H2SO4 treatment had 
the best quality in acid value, water content and also acceptable viscosity. 
Table 39 Comparison of means test results 1) within each aging period for the 
viscosity (cSt) of the raw and 1-butanol spray esterified oil during aging at 
80 °C for 6, 12, and 18 h. 
 6 h (cSt) 12 h (cSt) 18 h (cSt) 
Raw bio-oil 10.1 c 10.7 a 10.5 c 
20 wt% 1-butanol 0.2 
wt% H2SO4 
10.7 b 10.3 ab 16.1 a 
10 wt% 1-butanol 0.2 
wt% H2SO4 
11.2 a 8.9 b 10.1 c 
20 wt% 1-butanol  
1.0 wt% H2SO4 
8.4 d 9.8 ab 12.9 b 
10 wt% 1-butanol  
1.0 wt% H2SO4 
10.5 bc 9.1 b c 10.7 c 
1) Different letters indicate any significance of difference between treatments. 
The viscosities of raw and spray treated bio-oil before and after accelerated aging 
tests are shown graphically in Figure 56. The histograms for each treatment combination 
are provided for initial and subsequent (6, 12, and 18 h) aging periods. The results of the 
Model 10 ANOVA are provided as letters above each period histogram with different 
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letters indicating a significant difference between aging period results. The viscosity of 
accelerated aging pine-derived bio-oil at 80 °C for 24 h has a correlated relation with 
storage at room temperature for one year (Oasmaa and Kuoppala, 2003). Thus, the 18 h 
of aging is approximately equal to 9 months of aging at room temperature. 
 
Figure 56 Comparison of means test results 1) for the viscosity of raw and spray 
treated esterified bio-oil at initial and after aging at 80 °C for 6, 12, and 18 
h.  
1)  Different letters indicate any significance of difference between aging periods. 
It appears that the 1-butanol viscosities may be significantly higher than is of the 
methanol viscosities for all treatments. To test whether the methanol and 1-butanol 
viscosity changed differentially between themselves, a paired t-test was performed 
comparing the values for each aging period. Therefore, all aging period values for 
methanol treatments were grouped and compared to all 1-butanol aging period values. 
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The 3 replicate values for each aging period were included in the tests to capture 
influence of test variance. The result of the paired t-test showed that the methanol 
viscosity values were significantly lower than for the 1-butanol values. A second paired t-
test was performed comparing the rate of change values between methanol and 1-butanol 
treatments for each aging period. The paired t-test showed the viscosity rate of change 
was significantly different between methanol and 1-butanol treatments. 
The stability study of methanol and 1-butanol sprayed treatments at 80 °C for 6, 
12, 18, and 24 h were performed. However, for 24 h of aging at 80 °C the phase 
separation occurred in all treatments; thus, this time period was eliminated from analysis. 
The aging results showed methanol and 1-butanol treatments were performed differently 
during the aging process. After the 18 h of aging, the 20 wt% methanol with 1 wt % 
catalyst treatment had the lowest acid value (55.7 mg KOH/g), the lowest viscosity (6.3 
cSt), and relatively low water content (27.4 wt%) among all methanol treatments. The 20 
wt% 1-butanol with 1.0 wt% catalyst treatment showed superior stability during the 18 h 
of aging tests. 
Because of the lower molecular weight of methanol, with the same wt% of 
alcohol sprayed, the methanol treatments had higher moles number sprayed into the 
pryolysis zone. Therefore, more complete esterification reaction with lower acid value in 
methanol treatments, and more stable esterified products resulted 
Summary 
Methanol and 1-butanol at two wt % levels (10 and 20 wt%) with two H2SO4 
catalyst wt% (0.2 and 1.0 wt%) were sprayed into the pyrolytic vapor zone of a pyrolysis 
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reactor to produce esterified bio-oil. Chemical tests indicated that esterification did occur 
during the interaction of alcohol catalyst spray in the pyrolytic reactor. Methanol and 1-
butanol treatments demonstrated a different performance in acid value, water content, and 
viscosity, as well as in stability studies. Because 1-butanol has a higher molecular weight 
compared to methanol, spraying at the same wt% would result in more moles of methanol 
compared to 1-butanol being sprayed into the pyrolytic vapor zone. About 10 -14 moles 
of alcohol are required to convert the carboxylic acid in 1kg of bio-oil to ester; 20 wt% of 
1-butanol makes only up 5 moles of alcohol in 1 kg of bio-oil, which is much less than 
the required amount. 
The high molecular weight of 1-butanol resulted in it being non-economic as an 
alcohol addition for the esterification reaction. At high methanol wt% level, the acid 
value was lower compared to other treatments, because more alcohol was available to 
convert the acid to esters. Methanol treatments had lower acid value and faster rate of 
change compared to 1-butanol treatments. Treatments with 1-butanol injection had lower 
water content than methanol injected treatments because less water was produced from 
the 1-butanol treatments. The 1-btuanol viscosities were higher due to lower water 
content; treatments with methanol injection had higher water content and a resulting 
lower viscosity. The low catalyst wt% (0.2 wt%) level had a lower acid value and water 
content rate of change compared to the high catalyst wt% treatments.  
The results indicate that injection of alcohol/catalyst into the pyrolytic vapor zone 
during pyrolysis esterifies the bio-oil. Methanol is a more effective esterification alcohol 
than 1-butanol because of its lower molecular weight. It results in more molar alcohol 
treatment compared to 1-butanol based on the same percentage addition. The high 
 
149 
catalyst treatment at 1.0 wt% appears to increase aging rate of the esterified product. 






ADDITION OF GASEOUS OLEFIN TO PRODUCE CELLULOSIC BIOFUEL 
Abstract 
As a renewable liquid fuel, bio-oil produced from fast pyrolysis of biomass is 
receiving increasing attention. However, bio-oil has some negative properties, such as 
polymerization over time, high water content, high viscosity, and low energy value. It 
must be upgraded to be used as a fuel. The objective of this study was to develop an 
upgrading method by esterification and olefination reactions to produce bio-oil with 
lower water content and higher energy value for combustion as a boiler fuel. Loblolly 
pine wood was pyrolyzed at a feed rate of ~7 kg/h in a MSU proprietary auger reactor to 
produce study bio-oil with 65% yield. Upgrading reactions were performed in a high-
pressure batch autoclave. Bio-oil was reacted with alcohols and gaseous olefins in the 
presence of a heterogeneous catalyst to produce upgraded bio-oil. The influence of 
reaction conditions such as reaction time, reaction temperature, and catalyst content were 
evaluated. Physical and chemical properties such as acid value, higher heating value, 
water content, and optimal conditions were identified. The result of olefination shows 





Production of liquid fuel from lignocellulosic biomass is a potential method to 
develop renewable energy. Fast pyrolysis of biomass under an environment without 
oxygen in the temperature range of 400 to 650 °C for a short residence time of 1-2 s 
produces a dark colored free-flowing liquid called bio-oil. Bio-oil has environmental 
advantages such as low sulfur and nitrogen oxide emissions; it is carbon neutral. 
However, bio-oil has some negative properties such as high water content, low energy 
density, high acidity, and polymerization over time or from heating, which prevent it 
from being used directly. Some upgrading must be applied to bio-oil in order to improve 
its performance as a fuel. 
Bio-oil upgrading by hydrodeoxygenation has been shown to lower oxygen 
content and eliminate water while producing hydrocarbons equivalent to refined 
petroleum fuels in energy value. However, the large amount of hydrogen consumption 
and the rapid coking of the catalyst systems make the hydrodeoxygenation process 
difficult and expensive (Sharma and Bakhshi, 1993, Gayubo et al., 2004, Elliott, 2007). 
The olefination of bio-oil model compounds and bio-oil has been utilized to upgrade bio-
oil to reduce its viscosity and water content while also increasing energy value 
significantly. However, the immiscibility of olefin hydrocarbons with water emulsion 
limited the success of this approach. Yang et al. (2010) applied an olefination process 
utilizing model compounds. The model compounds employed were composed of 1) 
phenol, phenol/acetic acid, phenol/water, phenol/2-hydroxymethylfuran and 
phenol/methanol, phenol/water/acetic acid, phenol/water/acetic acid/methanol, and 2) 
phenol/water/acetic acid/methanol/2-hydroxymethylfuran. An olefinic reaction was 
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produced with the model compounds with solid catalysts that included acidic salt, 
Cs2.5H0.5PW12O40, supported on K-10 clay (30% Cs2.5/K-10), Nafion (NR50) and 
Amberlyst15. Olefins for the reaction included 1-octane and 2, 4, 4-trimethlypentene. 
Olefins were added to catalyze the model compound mixture heated to 80 °C. Higher O-
alkylation selectivity was obtained at the expense of lower phenol conversion in the 
presence of water, methanol, or acetic acid. 30% Cs2.5/K-10 was found to resist 
decomposition due to its excellent water resistance.  
Zhang et al. (2010) employed mixtures of phenol with water, acetic acid and 1-
butanol as a model compound. 1-octene was chosen as the olefin. Three commercial 
sulfonic acid resins: Amberlyst15, Dowex50WX2 and Dowex50WX4 were tested to 
catalyze the olefination reaction. In these model reactions, phenol O- and C-alkylation 
were catalyzed from 65 °C to 120 °C. High O-alkylation selectivity was shown with the 
presence of water, acetic acid and 1-butanol.  Phenol alkylation was slowed when water 
was present. Adding 1-butanol to phenol/water/1-octene, gave emulsion-like mixtures 
which improved phenol conversion and olefin hydration. Thus, olefin additions offer a 
route to simultaneously lower water content and acidity while increasing hydrophobicity, 
stability and heating value.  
The olefination results given above indicate that there may be potential for 
upgrading bio-oil by catalyzing an olefination reaction for bio-oil. Addition of 1-butanol 
has been shown to improve olefination reaction results with model compounds simulating 
bio-oil composition. However, upgrading bio-oil by olefinating esterified bio-oil or by 




Steele et al. (2010) filed a patent on simultaneous liquid olefination/esterification 
in a high-pressure autoclave. The experiment was performed at 250 °C with 100 psi 
helium gas. A mixture of 85.7% of bio-oil, 28.6% of 1-butanol, and 14.3 % of 1-octene 
was catalyzed with 5% of nickel on silica alumina for 2 h. The GC/MS results showed 17 
esters were formed from the reaction that composed more than 22% in total spectrum 
area percent. The amount of phenolic compounds present in the original raw bio-oil also 
decreased. The water content was reduced by more than 80% to 6 wt%, carbon content 
increased by 17%, and oxygen content was reduced by more than 60% compared to raw 
bio-oil. A single treatment using 30 psi of 1-butene gaseous olefin and 100 psi of helium 
while performing simultaneous olefination/esterification of bio-oil was also described. A 
mixture of 83% bio-oil, 14% 1-butanol, and 3% of 1-octene was catalyzed with 5 wt% of 
Ni/Si-Al at 250 °C for 2 h. The chemical and physical properties were almost identical to 
the liquid 1-octene treatment described earlier.  
The olefination of bio-oil described by the patent utilized both liquid olefin (3 
wt%) and gaseous olefin in the form of 1-butene. Helium gas of 100 psi was also added 
to provide the additional starting pressure. No experiments were described that used only 
gaseous olefin as a component. In addition, only a single experiment at one temperature 
and reaction time was performed and only a single treatment was tested. The objective of 
this study was to test the effect of various reaction temperatures, reaction times, catalyst 




Materials and methods 
General 
Loblolly pine wood was utilized as the feedstock from which to produce bio-oil 
for all experiments. Pine lumber kiln dried to 12 to 17% moisture content was obtained 
from a local lumber yard. The lumber was chipped to 1-2-inch-sized chips. These chips 
were further reduced in size by grinding to 1-3 mm followed by drying to 8-10% final 
moisture content. 
Bio-oil was produced by an auger reactor located in the Department of Forest 
Products, Mississippi State University (MSU). This auger reactor is capable of 
pyrolyzing feedstock at a rate of 7 kg/h. This feed rate was utilized for all experiments 
described. The auger speed applied was 20 rpm at a pyrolysis temperature of 450 °C. 
Liquid product yield for the MSU auger reactor was about 65% dry weight basis with 
production 10-15% of non-condensable gases and 20-25% of char. Nitrogen was used as 
a carrier gas. 
Chemicals 
Certified ACS grade 1-butanol was purchased from Fisher Scientific. 1-butene 
gas was purchased from Matheson Tri-Gas. Nickel on silica-alumina (Ni/Si-Al) with 
66±5 wt% Ni was obtained from Alfa Aesar.  
Olefination with gaseous olefins 
Simultaneous olefination/esterification was performed in a Parr high-pressure 
autoclave reactor. Twenty wt% of 1-butanol with or without 5 wt% of Ni/Si-Al was 
added to 80 wt% of raw bio-oil in a Parr high pressure autoclave reactor, followed by 
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addition of 20 psi of 1-butene gas. This combination was developed to allow the 
olefination/esterification reactions to proceed simultaneously. Reaction temperature was 
tested at 150, 175, 200, and 225 °C with reaction time of 2 or 4 h. Following the 
olefination/ esterification experiments the treated bio-oil was cooled in the reactor (Table 
40). The mixture was centrifuged to separate the aqueous and organic phases resulting 
from the reaction. The separated organic and aqueous phases were weighed and yields 
were calculated.  
Table 40 Olefination reaction experimental variables of catalyst wt%, temperature, 
and reaction time applied with 20 psi of 1-butene addition. 






























Chemical and physical properties 
The physical and chemical properties for each esterified product were determined 
for three replicated specimens by the ASTM detailed requirement for pyrolysis liquid 
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biofuel specified in ASTM D7544 10 Standard Specification for Pyrolysis Liquid Boiler 
Fuel given in Table 41. For the acid value test, 1 g of bio-oil was dissolved in 
isopropanol/water (v/v =35:65) solution and then titrated with 0.1 N NaOH to a pH of 
8.5. The acid value was then calculated as the number of milligrams of KOH equivalent 
to 1 g of bio-oil sample. The Karl Fischer method was employed to determine water 
content, according to ASTM E203 with Cole-Parmer Model C-25800-10 titration 
apparatus. The ASTM D445-04 standard test method for kinematic viscosity of 
transparent and opaque liquids was applied for viscosity testing at 40 °C with a 
Ubbelohde U-tube viscometer. Higher heating value (HHV) was determined with a Parr 
6400 automatic isoperibol calorimeter according to ASTM D240.  
Table 41 Physical and chemical properties tested and ASTM test method followed to 
perform the study procedures. 
Property (unit) Test Method Specification 
Water content (mass %) ASTM E203 30 maximum 
Viscosity (mm2/s) ASTM D445 125 maximum 
HHV (MJ/kg) ASTM D240 15 minimum 
 
Stability study 
All olefinated/esterified specimens and raw bio-oil were tested by accelerated 
aging in 3 replicates. All samples were stored in sealed vials and weighed before and 
after each aging period. Specimens were heated in an aerated oven at 80 °C for 6, 12, 18, 
and 24 h.  
Rate of change was calculated by Equation 20 with the difference between aged 
bio-oil and unaged bio-oil divided by the aging time. The rate of change can be used to 
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evaluate the aging speed of each bio-oil. A positive number means an increase in tested 
value, while a negative number means a decrease in tested value.  
 Rate of change= (aged bio-oil-unaged bio-oil)/aging time Eq. 20 
Experimental design 
Analysis of variance (ANOVA) Model 11 shown in Eq. 21 was used to 
statistically analyze the olefination/esterification treatments. The model was comprised of 
three factors with two catalyst levels (0 and 5 wt%), four temperature levels (150, 175, 
200, and 225 °C) and two reaction time levels (2 and 4 h). Fisher’s least significant 
difference (LSD) test was performed to determine the significance of the ANOVA prior 
to application of the comparisons of test means. All tests for significance were performed 
at the 0.05 level. The Model 11 ANOVA was performed to compare the 1-butanol 
treatment. 
 Yijk = β0 + β1 Ai + β2 Bj + β3Ck + β4A*Bij + β5A*C ik + β6B*Cjk + β7 A*B*C ik + eijk Eq. 21 
Where: 
Yijk represents dependent variable physical or chemical testing values: acid value, water 
content, viscosity,  
β0 represents the intercept term, 
β1 Ai represents the influence of catalyst level, 0 and 5 wt%, 
β2 Bj represents the influence of reaction temperature level, 125, 150, 175, 200, 225, and 
250 °C, 
β3 Ck represents the influence of reaction time level, 2 and 4 h, 
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β4A*Bij represents the interaction influence between catalyst level and reaction 
temperature levels, 
β5A*Cik represents the interaction influence between catalyst levels and reaction time, 
β6 B*C ik represents the interaction influence between reaction temperature and reaction 
time, 
β7A*B*Cijk represents the interaction influence between catalyst levels, reaction 
temperature, and reaction time, 
eijk represents the error term.  
ANOVA Model 12 shown in Eq. 22 was used to analyze the 
estersification/olefination reaction accelerated aging. The model is comprised of two 
factors with two reaction temperature levels (200 and 225 C°) and four aging time period 
levels (6, 12, 18, and 24 h). Fisher’s LSD test was performed to determine the 
significance of the ANOVA prior to application of the comparisons of means tests. All 
tests for significance were performed at the 0.05 level.  
 Yij = β0 + β1 Ai + β2 Bj + β3A*Bij + eij  Eq. 22 
Where: 
Yij represents dependent variable physical or chemical testing values: acid value, water 
content, viscosity, or HHV,  
β0 represents the intercept term, 
β1 Ai represents the influence of aging time (0, 6, 12, 18, and 24 h), 
β2 Bj represents the influence of temperature level, 200, and 225 °C, 
β3A*Bij represents the interaction influence between each aging time periods (0, 6, 12, 
18, and 24 h) and temperature at three levels (200 and 225 °C), 
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eij represents random error term. 
ANOVA Model 13 shown in Eq 23 was comprised of aging time with five levels 
(0, 6, 12, 18, and 24 h) for accelerated aging. Fisher’s LSD test was performed to 
determine the significance of the ANOVA prior to application of the comparisons of 
means tests. All tests for significance were performed at the 0.05 level. The Model 13 
ANOVA was performed for of raw bio-oil and each sprayed treatment. 
 Yi = β0 + β1 Ti+ei  Eq. 23 
Where: 
Yijk represents dependent variable physical or chemical testing values: acid value, water 
content, viscosity,  
β0 represents the intercept term,  
β1 Ti represents the influence of aging time, 
ei represents random error term. 
Results and discussion 
Properties of 1-butene olefinated/esterified oil 
Water is fractionated during the olefination reaction which is one of the strengths 
of the technology. Therefore, a two-phase liquid was produced. The organic fraction will 
be referred to as the oil product of the olefination/ esterification product to simplify the 
reference. One phase was an esterified/olefination oil fraction and the second phase is an 
aqueous fraction. Removal of the aqueous fraction reduces the water contained in the 
organic fraction. Less water equates to an increase in HHV value. Char is also produced 
during this reaction. The aqueous phase and olefination/esterified bio-oil fractions and 
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char are easily separated by centrifuging the mixture followed by pouring off the two 
phases. This leaves the char which settled to the bottom of the centrifuge tubes and is 
easily separated. The aqueous and esterified bio-oils are clearly fractionated by the 
centrifuge process and the aqueous phase is removed with a separation funnel. Physical 
and chemical properties (acid value, water content, viscosity, and HHV) for each 
esterified/olefinated product were determined by ASTM D7544 standard specification for 
pyrolysis liquid boiler fuel. 
The bio-oil olefination/esterification reaction was performed at two catalyst wt% 
levels (0 and 5 wt%), four reaction temperatures (150, 175, 200, and 225 °C), and two 
reaction times (2 and 4 h). The olefinated/esterified bio-oil, aqueous phase, chars, and 
off-gas yield values of treatments without catalyst are given in Figure 57. Only a single 
upgraded bio-oil was produced per treatment tested to insure that treatments to the bio-oil 
did not reflect differences in bio-oil quality. As shown in Figure 57, for the 2 h reaction 
time treatments, with the increase of reaction temperature over the treatment range from 
150 to 225 °C, the olefinated/esterified oil phase yields decreased for each temperature 
increase (175, 200, and 225 °C). The largest decrease was for the highest temperature in 
which the organic oil component decreased to 64.35 wt% from the initial value of 71.5 
wt% for the lower 150 °C temperature. The char and gas yields increased, apparently at 
the expense of organic oil yield. For the same reaction temperature, the 2 h reaction 




Figure 57 The olefinated/esterified oil, aqueous phase, char, and gas yields of 
olefination/esterification reaction treatments without catalyst. 
 
The olefinated/esterified oil, aqueous phase, chars, and off-gas yield values of 
treatments with 5 wt% catalyst are given in Figure 58. Similar to the treatments without 
catalyst, for the same reaction time, the olefinated/esterified oil phase yield decreased 
with the increase of reaction temperature. At the same reaction temperature, the long 
reaction of 4 h treatment had lower olefinated/esterified oil yield compared to the short 
reaction time treatment. However, for the same reaction time and temperature, the 





Figure 58 The olefinated/esterified oil aqueous phase, char, and gas yields of 
olefination/esterification reaction treatments with 5 wt% catalyst. 
 
The Model 11 ANOVA results showed the three-term interaction variable 
representing catalyst level, reaction temperature, and reaction time to be significant in 
relation to acid value. In this situation it is required that the independent variables be 
examined empirically to elucidate the interaction cause or causes. 
To analyze the meaning of the three-way interaction it was necessary to employ 
two two-dimensional plots of acid value for each of the two catalyst wt% levels (0 and 5 
wt%) in relation to reaction time and reaction temperature influence. The acid value of 
the olefination reaction without catalyst was influenced by reaction time and reaction 
temperature as shown in Figure 59. The Figure 59 data show that acid value changed 
differentially for reaction temperatures in relation to reaction time. The acid value of the 
zero catalyst wt% at 2 h reaction time decreased from 69.2 to 44.0 mg KOH/g when the 
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reaction temperature increased from 150 to 225 °C. At the same zero catalyst wt%, at 4 h 
reaction time, the acid value decreased from 62.6 to 51.1 mg KOH/g as reaction 
temperature increased from 150 to 225 °C. At reaction temperatures below 200 °C, at the 
same reaction temperature, the short reaction time (2 h) had higher acid value compared 
to the 4 h reaction time treatment. At 200 °C, the acid values of short and long reaction 
times were nearly the same. At 225 °C, the short reaction time treatment had lower acid 
value of 44.0 compared to 51.1 mg KOH/g of the long reaction time (4 h) treatment.  
 
Figure 59 The mean response plot for acid value of olefination/esterification oil at 
zero catalyst wt% levels (0 wt%) and four reaction temperatures (150, 175, 
200, and 225 °C) at two reaction times (2 and 4 h). 
 
The acid values of bio-oil olefination/esterification treatments at the high catalyst 
level (5 wt%) are shown in Figure 60. Again, the acid values decreased differentially for 
reaction temperatures in relation to the reaction time applied. The acid value for the high 
catalyst wt% at 2 h reaction time decreased from 50.3 to 37.7 mg KOH/g when the 
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reaction temperature increased from 150 to 225 °C. At the same catalyst wt%, for the 4 h 
reaction time treatments, acid values were 49.2, 53.1, 45.6, and 2.0 mg KOH/g at 
150,175, 200, and 225 °C reaction temperature, respectively. At 5 wt% catalyst loading 
and 150 and 200 °C reaction temperature, the acid values were almost the same for the 2 
and 4 h reaction time. However, at 175 and 225 °C, the 4 h reaction time had higher acid 
value compared to the 2 h reaction time treatment. The analysis of three-way interaction 
of reaction temperature, time, and catalyst amount indicates that short reaction times are 
required for temperatures above 200 °C for olefination/esterification to reduce acid value. 
For temperatures below 200 °C, a longer reaction time is required for the olefination 
/esterification reaction to reduce acid value. 
 
Figure 60 The mean response plot for acid value of olefination/esterification oil at 
high catalyst wt% levels (5 wt%) and four reaction temperatures (150, 175, 




The Model 11 ANOVA results showed the three-term interaction variable 
representing catalyst level, reaction temperature, and reaction time to be significant in 
relation to water content of the olefinated/esterified oil phase. In this situation it is 
required that the independent variables be examined empirically to elucidate the 
interaction cause or causes. 
To analyze the meaning of the three-way interaction it was necessary to employ 
two two-dimensional plots of water content for each of the two catalyst wt% levels (0 and 
5 wt%) in relation to reaction time and reaction temperature influence. The water content 
of the olefination/esterification reaction at low catalyst wt% level (0 wt%) was influenced 
by reaction time and reaction temperature as shown in Figure 61. The Figure 61 data 
show that water content changed differentially for reaction temperatures in relation to 
reaction time levels. The water content of the zero catalyst wt% at 2 h reaction time 
decreased from 11.36 to 6.94 wt% when the reaction temperature increased from 150 to 
225 °C. For no catalyst treatments, at 4 h reaction time, the water content decreased from 
10.6 to 9.7 wt% as reaction temperature increased from 150 to 225 °C. At reaction 
temperatures below 200 °C, at the same reaction temperature, the short reaction time (2 
h) had higher water content compared to the long reaction time treatment. At 200 °C, the 
water content of the 2 and 4 h reaction time had almost the same water content. At 225 
°C, the short reaction time treatment had a lower water content of 6.9 compared to 9.7 




Figure 61 The mean response plot for water content of olefination/esterification oil at 
zero catalyst wt% levels and four reaction temperatures (150, 175, 200, and 
225 °C) at two reaction times (2 and 4 h). 
The water contents of bio-oil olefination/esterification treatments at the high 
catalyst level (5 wt%) are shown in Figure 62. Again, the water content decreased 
differentially for reaction temperatures in relation to the reaction time applied. The water 
content for the high catalyst wt% at 2 h reaction time decreased from 10.6 to 8.2 wt% 
when the reaction temperature increased from 150 to 225 °C. At the same catalyst wt%, 
for the 4 h reaction time treatments, water contents were 10.4, 10.6, 9.2, and 9.8 wt% 
over 150, 175, 200, and 225 °C reaction temperatures, respectively. At 5 wt% catalyst 
loading and 150 and 200 °C reaction temperature, the water content was almost the same 
for the 2 and 4 h reaction time. However, at 175 and 225 °C, the 4 h reaction time had 
higher water content compared to the 2 h reaction time treatment. Therefore, at 5 wt% 





Figure 62 The mean response plot for water content of olefination/esterification oil at 
high catalyst wt% levels (5 wt%) and four reaction temperatures (150, 175, 
200, and 225 °C) at two reaction times (2 and 4 h). 
 
The Model 11 ANOVA results showed the three-term interaction variable 
representing catalyst level, reaction temperature, and reaction time to be significant in 
relation to water content of the aqueous phases. In this situation it is required that the 
independent variables be examined empirically to elucidate the interaction cause or 
causes. 
To analyze the meaning of the three-way interaction it is necessary to employ two 
two-dimensional plots of water content for each of the two catalyst wt% levels (0 and 5 
wt%) in relation to reaction time and reaction temperature influence. The water content of 
the aqueous phases at zero catalyst wt% level was influenced by reaction time and 
reaction temperature as shown in Figure 63. The Figure 63 data show that water content 
of aqueous phase changed differentially for reaction temperatures in relation to reaction 
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time levels. The water content of the aqueous phase at the low catalyst wt% level at 2 h 
reaction time increased from 55.9 to 72.9 wt% when the reaction temperature increased 
from 150 to 225 °C. At the same catalyst wt%, at 4 h reaction time, the water content 
increased from 59.2 to 78.3 wt% when reaction temperature increased from 150 to 225 
°C. At reaction temperatures of 150 and 225 °C, the long reaction time of 4 h had higher 
water content in the aqueous phase compared to 2 h reaction time. Whereas, at reaction 
temperature of 175 and 200 °C, the reaction time of 2 and 4 h treatments showed similar 
water content of the aqueous phase.  
 
Figure 63 The mean response plot for water content of aqueous phase at zero catalyst 
wt% level and four reaction temperatures (150, 175, 200, and 225 °C) at 
two reaction times (2 and 4 h). 
 
The water contents of the aqueous phase of olefination/esterification treatments at 
the high catalyst level (5 wt%) are shown in Figure 64. Again, the water content 
decreased differentially for reaction temperatures in relation to the reaction time applied. 
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The water content for the high catalyst wt% at 2 h reaction time increased from 44.7 to 
65.4 wt% when the reaction temperature increased from 150 to 225 °C. At the same 
catalyst wt%, for the 4 h reaction time treatments, water content increased from 51.4 to 
81.7 wt% from 150 to 225 °C reaction temperature. For the 5 wt% catalyst treatments and 
at the same reaction temperature, the aqueous phase water content was higher for the 4 h 
reaction time compared to the 2 h reaction time. 
 
Figure 64 The mean response plot for water content of aqueous phase at high catalyst 
wt% levels (5 wt%) and four reaction temperatures (150, 175, 200, and 225 
°C) at two reaction times (2 and 4 h). 
 
The Model 11 ANOVA results showed the three-term interaction variable 
representing catalyst level, reaction temperature, and reaction time to be significant in 
relation to HHV of the olefination/esterification oil. In this situation it is required that the 




To analyze the meaning of the three-way interaction it was necessary to employ 
two two-dimensional plots of HHV for each of the two catalyst wt% levels (0 and 5 wt%) 
in relation to reaction time and reaction temperature influence. The HHVs of the 
olefinated oil without catalyst treatment were influenced by reaction time and reaction 
temperature as shown in Figure 65. The Figure 65 data show that HHV changed 
differentially for reaction temperatures in relation to reaction time levels. The HHV at the 
zero catalyst wt% level at 2 h reaction time increased from 26.2 to 26.9 MJ/kg when the 
reaction temperature increased from 150 to 225 °C. At zero catalyst level, at 4 h reaction 
time, the HHV increased from 26.5 to 28.3 MJ/kg with reaction temperature increased 
from 150 to 225 °C.  
 
Figure 65 The mean response plot for HHV of olefination/esterification oil at zero 
catalyst wt% levels and four reaction temperatures (150, 175, 200, and 225 




The HHVs of the olefination/esterification oil phase at the high catalyst level (5 
wt%) are shown in Figure 66. Again, the HHV changed differentially for reaction 
temperatures in relation to the reaction time applied. The HHV for the high catalyst wt% 
at 2 h reaction time increased from 26.6 to 27.7 MJ/kg, when the reaction temperature 
increased from 150 to 225 °C. At the same catalyst wt%, for the 4 h reaction time 
treatments, HHV increased from 27.7 to 29.3 MJ/kg for the 150 to 225 °C reaction 
temperatures.  
 
Figure 66 The mean response plot for HHV of esterification/olefination oil at high 
catalyst wt% level (5 wt%) and four reaction temperature (150, 175, 200, 
and 225 °C) at two reaction time (2 and 4 h). 
 
The Model 11 ANOVA results showed the three-term interaction variable 
representing catalyst level, reaction temperature, and reaction time to be significant in 
relation to viscosity. In this situation it is required that the independent variables be 
examined empirically to elucidate the interaction cause or causes.  
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To analyze the meaning of the three-way interaction it was necessary to employ 
two two-dimensional plots of viscosity for each of the two catalyst wt% levels (0 and 5 
wt%) in relation to reaction time and reaction temperature influence. The viscosity of the 
olefination reaction at zero catalyst wt% level (0 wt%) was influenced by reaction time 
and reaction temperature as shown in Figure 67. The Figure 67 data show that viscosity 
changed differentially for reaction temperatures in relation to reaction time levels. The 
respective viscosities of the zero catalyst wt% at 2 h reaction time were 28.4, 55.3, 146.3, 
and 129.6 cSt, when the reaction temperature increased from 150 to 225 °C. At the same 
catalyst wt%, at 4 h reaction time, the respective viscosities were 30.8, 52.8, 146.8, and 
135.9 cSt with reaction temperature increased from 150 to 225 °C.  
 
Figure 67 The mean response plot for viscosity of olefination/esterification oil at zero 
catalyst wt% levels and four reaction temperatures (150, 175, 200, and 225 




The viscosities of the olefinated/esterified oil phase at the high catalyst level (5 
wt%) are shown in Figure 68. The viscosity changed differentially for reaction 
temperatures in relation to the reaction time applied. The respective viscosities for the 5 
wt% catalyst treatments at 2 h reaction time were 15.8, 17.0, 17.9, and 18.4 cSt, when the 
reaction temperature increased over the reaction temperature range of 150 to 225 °C. At 
the same 5 wt% catalyst, for the 4 h reaction time treatments, the respective viscosities 
were 16.3, 18.1, 22.6, and 19.0 wt% in the 150 to 225 °C reaction temperature range. 
 
Figure 68 The mean response plot for viscosity of olefination/esterification oil at high 
catalyst wt% level (5 wt%) and four reaction temperatures (150, 175, 200, 
and 225 °C) at two reaction times (2 and 4 h). 
 
Due to the complexity of the many interaction terms between the variables 
(catalyst wt%, reaction temperature, and reaction time) influencing viscosity, water 
content, acid value, and HHV, it was impossible to choose the optimal reaction condition. 
 
174 
Thus, the optimal reaction conditions need to chosen by examination. According to 
ASTM 7544, the viscosity of the pyrolysis liquid biofuel should be less than 125 cSt. The 
treatments without catalyst at reaction temperatures of 200 and 225 °C had viscosity 
above 125 cSt, thus those treatments were not acceptable. By contrast, for 5 wt% catalyst 
treatments all viscosities were below 25 cSt. Reduced viscosity will require less energy 
for both retorting the olefination/esterification reaction and pumping the fuel into the 
boiler. For 5 wt% catalyst treatments and the same reaction temperature, the 2 h reaction 
treatments had lower viscosities compared to the 4 h treatments. For 5 wt% catalyst 
treatment at the 2 h reaction time, the viscosities increased with increase of reaction 
temperatures. Therefore, the 2 h with 5 wt% catalyst had lower viscosity. 
HHV measures the heat release from the combustion process so that higher HHVs 
are desired for boiler fuels. At the same reaction temperature and time, the treatments 
with 5 wt% catalyst had higher HHV compared to the zero catalyst treatments. For the 2 
h reaction treatments, the HHV increased with increased reaction temperature, whereas 
the HHV of the 4 h reaction treatments increased with temperature except for the 175 °C 
treatment. For 5 wt% catalyst treatments, at the same reaction temperature, the HHVs 
were slightly higher at the 4 h reaction time compared to 2 h except for this 175 °C 
treatment. The treatment combination of 5 wt% catalyst, 225 °C, and 2 h had the highest 
HHV of 29.3 MJ/kg. The 5 wt% catalyst, 225 °C, and 2 h treatment and 5 wt%, 200 °C, 
and 4 h treatment had HHV of 28.6 and 28.8 MJ/kg, respectively. These HHV values 
were not significantly different but a practical consideration is the time and energy cost 
for 4 h versus 2 h reaction treatments. The 2 h additional treatment reaction time for total 
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4 h treatment time will be considerably more costly and attain only a 0.7 MJ/kg increase 
in HHV. Therefore the 4 h treatment is not economically viable. 
The acid value measures the carboxylic acid groups in the bio-oil, thus the lower 
the acid value the less carboxylic acid groups are present in the bio-oil. At the same 
reaction time and temperature, the 5 wt% catalyst treatments had lower acid values 
compared to the zero catalyst treatments. For the 5 wt% catalyst and 2 h treatments, the 
acid value decreased from 50.3 to 34.67 mg KOH/g with increase of reaction 
temperature, whereas for the 4 h treatments, none of the temperature treatments had acid 
values below 45.6 mg KOH/g. The 225 °C with 5 wt% and 2 h treatment had the lowest 
acid value of 34.7 among all treatments. 
According to ASTM 7544, the pyrolysis liquid biofuel is required to have a water 
content less than 30 wt%. Lower water content usually corresponds to the higher HHV 
for the obvious reason that the need to combust water reduces energy value. At the same 
reaction temperature and time, the 5 wt% catalyst treatments had lower water content in 
the organic oil phase compared to zero catalyst treatments. The 225 °C with 5 wt%, and 2 
h treatment had the lowest water content (8.2 wt%) of all treatments tested.  
Stability study of olefination/esterification reactions 
Based on the previous results, the treatments without catalyst, with 5 wt% catalyst 
at 4 h reaction time treatments all had higher acid value, water content, and viscosity, as 
well as lower HHVs. Treatments with 5 wt% catalyst for 2 h reaction time at reaction 
temperatures below 200 °C also had higher acid value, water content, and lower HHV. 
Thus, the stability study was performed only for the treatments with viable properties. 
These treatments were the 5 wt% catalyst with 2 h reaction at temperatures of 200 and 
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225 °C. The stability test procedure utilized accelerated aging at 80 °C for 24 h with acid 
value, water content, viscosity values, and HHV determined at 6, 12, 18, and 24 h of 
aging time. 
For the accelerated aging test, the Model 12 ANOVA results had no significant 
interaction. Aging time and temperature were both found to have significant influence on 
acid value. The acid values of olefinated/esterified treatments influenced by reaction 
temperature and aging time are shown in Figure 69. The Figure 69 data show that acid 
value decreased similarly over equal time periods in relation to catalyst wt% levels. The 
acid value of olefinated/esterified bio-oil for the 200 °C treatment decreased from 44.1 to 
40.5 mg KOH/kg during the 24 h accelerated aging. At the same 24 h aging time, for the 
reaction temperature 225 °C acid value decreased from 37.7 to 34.7 mg KOH/g. At all 
time periods, the 200 °C treatment had higher acid value compared to the 225 °C 
treatment. Regardless of temperature treatment (200 and 225 °C), the acid value 
decreased with increased aging time. Therefore, at the end of 24 h of aging time period, 




Figure 69 The olefination/esterification oil acid value mean response plot of 2 h 
olefination reaction with 5 wt% catalyst at 200 and 225 °C during the 24 h 
aging. 
 
The acid value rates of change for the raw bio-oil compared to the oil phase acid 
value rate of change from esterified/olefinated treatments are given in Table 42. The acid 
value of the raw bio-oil had an increased acid value rate of change of 0.67, 0.43, 0.31, 
and 0.23 mg KOH/g/h for the 6, 12, 18, and 24 h aging periods, respectively. The acid 
value rates of change for the olefinated/esterified oil phase all decreased as compared to 
the increase for raw bio-oil. The acid values rate of change the temperature treatments at 
200 and 225 °C did not differ significantly within each time period. With increase of 
aging time, the acid value rate of change was lower for both the olefinated/esterified oil 
phase treatments and raw bio-oil. 
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Table 42 Comparison of means test results 1) within each aging period for the acid 
value rate of change of raw bio-oil and olefinated/esterified oil phase at 200 
and 225 °C during aging at 80 °C for 6, 12, 18, and 24 h. 
 6 h (mg 
KOH/g/h) 
12 h (mg 
KOH/g/h) 
18 h (mg 
KOH/g/h) 
24 h (mg 
KOH/g/h) 
Raw bio-oil 0.67 a 0.43 0.31 a 0.23 a 
200 °C -0.27 b -0.25 b -0.18 b -0.15 b 
225 °C -0.25 b -0.22 b -0.16 b -0.13 b 
1) Different letters indicate any significance of difference between treatments. 
The acid values for raw bio-oil and 1-butanol olefinated/esterified oil phase 
before and after accelerated aging tests are shown graphically in Figure 70. The 
histograms for each treatment combination are provided for initial and subsequent (6, 12, 
18, and 24 h) aging periods. The results of the Model 13 ANOVA are provided as letters 
above each period histogram with different letters indicating a significant difference as 
compared to the initial acid value for each treatment. These results show that for raw bio-
oil the acid value for accelerated aging periods increased above that for the initial 
condition; however, for the oil phase produced by olefinated/esterified treatments, the 
acid value decreased with aging time. Due to the alcohol addition, the 
olefinated/esterified treatments still slowly underwent the esterification reaction and the 




Figure 70 Comparison of means test results 1) for the acid value of raw bio-oil and 
olefinated/esterified oil produced at 200 and 225 °C at initial and after 
aging for 6, 12, 18, and 24 h at 80 °C. 
1) Different letters indicate any significance of difference between aging periods. 
For the accelerated aging test, the Model 13 ANOVA results contained no 
interaction with respect to water content. Both reaction temperature and aging time had a 
significant influence on water content results by treatment. The water content results by 
aging time for the 200 and 225 °C reaction temperature treatments are given in Figure 71. 
The Figure 71 data show that water content changed similarly over equal time periods in 
relation to reaction temperature. The highest water content was observed for the 200 °C 
treatment over the 24 h aging period, with water content increasing from 8.8 to 9.3 wt%. 





Figure 71 The water content mean response plot of the olefinated/esterified oil phase 
bio-oil produced at 200 and 225 °C during the 24 h aging. 
 
The water content rates of change of the raw bio-oil and olefinated/esterified 
treatments are given in Table 43. The water content change of rate did not differ 
significantly by each treatment within each aging period. Both raw bio-oil and 
olefinated/esterified oil had only slight changes in water content for each of the aging 
period treatment. 
Table 43 Comparison of means test results 1) within each aging period for the water 
content rate of change (wt%) of raw bio-oil, and olefinated/esterified oil 
phase produced at 200 and 225 °C during aging at 80 °C for 6, 12, 18, and 
24 h. 
 6 h (wt%/h) 12 h (wt%/h) 18 h (wt%/h) 24 h (wt%/h)) 
Raw bio-oil -0.02 a -0.01 a 0.02 a 0.03 a 
200 °C -0.03 a 0.00 a -0.18 b 0.03 a 
225 °C -0.02 a -0.02 a 0.01 a 0.02 a 
1) Different letters indicate any significance of difference between treatments. 
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The water contents of raw bio-oil and olefinated/esterified oil phase bio-oil before 
and after accelerated aging tests are shown graphically in Figure 72. The histograms for 
each treatment combination are provided for initial and subsequent (6, 12, 18, and 24 h) 
aging period. The results of the Model 13 ANOVA are provided as letters above each 
aging period histogram with different letters indicating a significant difference between 
aging period results. These results show that raw bio-oil had no significant change in 
water content for over the 24 h accelerated aging period. However, for 225 °C 
olefinated/esterified treatments, the oil phase water content did not change significantly 
for 6, 12 and 18 h of aging, but increased significantly but slightly after 24 h of aging at 
80 °C. For the 200 °C treatment, the oil phase water content did not differ significantly 






Figure 72 Comparison of means test results 1) for the water content of raw bio-oil and 
olefinated/esterified oil phase at initial and after aging for 6, 12, 18, and 24 
h at 80 °C. 
1) Different letters indicate any significance of difference between aging periods. 
For the accelerated aging test, the Model 13 ANOVA two-way interaction 
variable representing aging time and reaction temperature was found to be significant in 
relation to viscosity. Thus, it is required that examination of the independent variables be 
performed empirically to elucidate the interaction cause or causes. The viscosity of the oil 
phase produced by olefination/esterification treatments influenced as by catalyst type and 
aging time is shown in Figure 73. The Figure 73 data show that viscosity of the oil phase 
decreased differentially over equal time periods in relation to reaction temperature. The 
viscosity of the 225 °C treatment increased from 18.4 to 18.6 cSt during the 24 h 
accelerated aging. At the same reaction temperature, the 200 °C treatment viscosity 
increased from 17.9 to 18.4 cSt over the 24 h period. Visually, it is clear that the 225 °C 
treatment had a slower viscosity increase after 12 h of aging time. After 24 h aging at 80 
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°C, the two treatment viscosities were almost identical with the 225 °C treatment slightly 
higher but not significantly different from the 200 °C treatment. 
 
Figure 73 The viscosity mean response plot of olefination reaction at 200 and 225 °C 
during the 24 h aging. 
 
The viscosity rates of change of the raw bio-oil and olefination/esterification 
treatments oil phase are given in Table 44. All viscosity rates of change for all treatments 
increased over the 24 h aging period. The viscosity of the raw bio-oil had the relatively 
smallest change for the 6, 12, 18, and 24 h aging. The viscosity of 225 °C of the oil phase 
had the lowest rate of change among all treatments. The viscosity rate of change did not 
differ between raw bio-oil and the oil phase for 200 °C olefination/esterification 




Table 44 Comparison of means test results 1) within each aging period for the 
viscosity rate of change of raw bio-oil and olefinated/esterified oil phase 
reaction at 200 and 225 °C during aging at 80 °C for 6, 12, 18, and 24 h. 
 6 h (wt%/h) 12 h (wt%/h) 18 h (wt%/h) 24 h (wt%/h)) 
Raw bio-oil 0.02 a 0.01 ab 0.012 ab 0.026 a 
200 °C 0.03 a 0.03 a 0.019 a 0.02 a 
225 °C 0.02 a 0.01 b 0.007 b 0.008 b 
1) Different letters indicate any significance of difference between treatments. 
The viscosities of raw bio-oil and olefinated/esterified bio-oil before and after 
accelerated aging tests are shown graphically in Figure 74. The histograms for each 
treatment combination are provided for initial and subsequent (6, 12, 18, and 24 h) aging 
periods. The results of the Model 13 ANOVA are provided as letters above each period 
histogram with different letters indicating a significant difference between aging period 
results. Visually, the olefinated bio-oil had much higher viscosity compared to raw bio-
oil, the reason being that after the olefination reaction the water phase was separated from 
the organic oil phase. All else equal water content had the greatest influence on viscosity 
values. After the 24 h aging, both olefinated/esterified oil and raw bio-oil had 




Figure 74 Comparison of means test results 1) for the viscosity of raw bio-oil and 
olefinated/esterified oil produced at 200 and 225 °C at initial and after 
aging for 6, 12, 18, and 24 h at 80 °C.  
1) Different letters indicate any significance of difference between aging periods. 
For the accelerated aging test, the Model 13 ANOVA results contained no 
interaction with respect to HHV. Both reaction temperature and aging time had a 
significant influence on HHV results by treatment. The HHV results by aging time for the 
200 and 225 °C reaction temperature treatments are given in Figure 75. The Figure 75 
data show that HHV changed similarly over equal time periods in relation to reaction 
temperature. The higher HHV was observed for the 225 °C treatment over the 24 h aging 
period, with HHV increasing negligibly from 28.5 to 28.6 wt%. For the 200 °C treatment, 




Figure 75 The HHV mean response plot for the olefination/esterification oil phase at 
200 and 225 °C treatment during 24 h of aging. 
 
The HHV rates of change of the raw bio-oil and olefinated/esterified oil phase for 
the 200 and 225 C treatments are given in Table 45. Due to the misfire condition during 
measuring HHV of the raw bio-oil, the rate of change was only available for 
olefinated/esterified oil phases. All HHV rates of change for both treatments did not 
differ significantly over the 24 h aging period.  
Table 45 Comparison of means test results 1) within each aging period for the HHV 
rate of change of raw bio-oil and olefinated/esterified oil at 200 and 225 °C 
during the 24 h aging. 
 6 h (wt%/h) 12 h (wt%/h) 18 h (wt%/h) 24 h (wt%/h)) 
Raw bio-oil MF2) MF MF MF 
200 °C 0.01 a 0.00 a -0.017 a -0.01 a 
225 °C 0.02 a 0.01 a -0.015 a 0.00 
1) Different letters indicate any significance of difference between treatments. 
2) MF indicated the misfire condition happened in measuring HHV. 
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The HHV of olefination/esterified oil before and after accelerated aging tests are 
shown graphically in Figure 76. The histograms for each treatment combination are 
provided for initial and subsequent (6, 12, 18, and 24 h) aging periods. The results of the 
Model 13 ANOVA are provided as letters above each period histogram with different 
letters indicating a significant difference between aging period results. For the 225 °C 
treatment, there was no significant difference in HHV between each aging period over the 
24 h aging. For the 200 °C treatment, the HHV value decreased significantly after 18 h 
aging, this was likely due to the increase in water content of the sample over the 18 to 24 
h period. 
 
Figure 76 Comparison of means test results 1) for the HHV of raw bio-oil and 
olefinated/esterified oil produced at 200 and 225 °C at initial and after 
aging for 6, 12, 18, and 24 h at 80 °C.  




A bio-oil olefination/esterification reaction was performed with 20 wt% 1-butanol 
at 20 psi of 1-butene at two catalyst wt% levels (0 and 5 wt%), four reaction temperatures 
(150, 175, 200, and 225 °C), and two reaction times (2 and 4 h). A two-phase liquid 
product was produced with an organic esterified/olefination oil phase fraction at the top 
and an aqueous fraction at the bottom. Char and gas were also produced during the 
reaction. The aqueous and olefination/esterified bio-oil fractions and char were easily 
separated by centrifuging the mixture followed by pouring off the two phases. Physical 
and chemical properties (acid value, water content, viscosity, and HHV) for each 
separated organic esterified/olefinated product were tested. The treatment with 5 wt% 
catalyst, at 225 °C for 2 h had the lowest acid and water content of 37.7 mg KOH/g and 
8.20 wt%, respectively. For this treatment, the viscosity was also satisfactorily low 
compared to other low viscosity value treatments. Though the 4 h reaction at 225 °C with 
5 wt% had 0.7 MJ/kg higher HHV compared to the 2 h reaction, from an economic 
perspective the 2 h reaction was considered more cost effective considering the small 
gain in HHV obtained for a 4 h reaction time. 
A stability study of the olefinated/esterified oil phase was performed at 80 °C for 
6, 12, 18, and 24 h. Two olefination/esterification treatments, 2 h reaction time with 5 
wt% catalyst loading at 200 and 225 °C were tested and compared with raw bio-oil as 
control. The results showed the acid value of the olefinated/esterified oil phase gradually 
decreased over time, while the acid value of raw bio-oil increased during aging. The oil 
phase for the 225 °C treatment had significantly lower acid value compared to the 200 °C 
treatment for both reaction temperatures. The water content rate of change was less than 
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0.03 wt%/h for all aging periods. There was no significant difference in water content 
between the two temperature treatments. At the end of the 24 h aging period, the oil 
phase viscosities of 200 and 225 °C temperature treatments were almost identical at 18.40 
and 18.6 cSt. Because the raw bio-oil had high water content, a misfire condition 
occurred to the raw bio-oil samples when measuring HHV. For the 225 °C oil phase 
samples, the HHVs did not differ significantly by aging period. Therefore, based on aging 
in addition to the acid value, water content, viscosity, and HHV results the 225 °C 
reaction temperature with 5 wt% catalyst for a 2 h reaction time was the most 
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